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mB SMI ECHO 
As a result of increased operating temperatures being used in the design of aerospace propulsion 
systems and airframes, increased attention in recent years has been devoted to the subject of 
high temperature oxidation and corrosion ot structural alloys. As a result of responses to an 
AGAKD questionnaire, an eflort was begun to collect into a single volume basic data on high 
temperature corrosion. Information contained in various places in the technical literature, in 
government and other similar reports, and information not yet published was gathered for 
inclusion in a comprehensive publication. This AGARDograph contains summary information 
on oxidation rates, diffusion, reaction kinetics, engineering information on practical alloys, 
and tests under simulated service conditions. The document is divided into a basic section and 
an applied section. The basic section contains data on phase diagrams, diffusion information 
and thermodynamic information. The applied section deals with data on superalloys and 
refractory metals. The AGARDograph is intended to provide information, save time and 
improve the efficiency of workers in the field of high temperature corrosion of aerospace 
alloys. 

This AGARDograph was sponsored by the Structures and Materials Panel of AGARD. 



KOKKWOKD 

Ih«' St ructurr» -111(1 Mate ri.d > H.tnt'l oí the Advisory (iruup for Aoroxpai <■ Kesearch 
and Development (AGAKD) is comprised of »dentists, engineer* and teihnual adminis¬ 
trator* from industry, government and universities throughout NATO. They are lomerned 
»ith advatn mg the status of aerospace research and development and with developing 
tethnit.il means and data for optimizing the vehicles and equipment of interest to NATO, 
the Panel, therefore, provides a discussion forum. .1 mechanism for exchange of 
information, and a mean* for stimulating, establishing and conducting cooperative technical 
effort* in selected area*. 

I he Panel has long rec ognized the advantage of me reusing the allowable metal 
temperature* in the turbine section of aircraft gas turbines as a means of increasing 
turbine performance. It has recognized also the limitations of c urrently available alloys in 
resistance to hot corrosion -it ele va teci temperatures both in gas turbines and in space 
vehicles and the importance of progress in these area*. The Panel formed a Working 
Group lor detailed consideration ot hot corrosion of aerospace alloys to aid in accelerating 
the needed progress. 

"lhe Working Group, with the assistam e of Dr. R.I. .laffee and Mr. Dana Moran of 
Bat'elle Memorial Institute, Columbus. Ohio and of Dr. A. Kahmel. Dechema Institute. 
Frankfurt, Germany mode a survey of the NATO nations to identify the research and 
development work in progress in hot corrosion and the organizations and research workers 
concerned. Ihe results of this survey, which included information collected by the Working 
Group on Corrosion by Hot Gases and Combustion Produc ts of the European Federation of 
Corrosion, was published a* AGARO Report 585-1. The Report lists 178 organizations 
and ¿40 name* of workers in the field with a brief outline of the topic s under investigation. 
By publication of this directory the AGARD Working Group intended to accelerate progress 
by improving communications among workers in the field. 

It was then dec ided that a review of the state of knowlc dge in hot corrosion of aero- 
spac e alloys, an identification of gaps in knowledge and roadblocks to progress and 
identification of desirable goal* and attractive approaches for future research work should 
be valuable in assisting research worker*, managers and sponsoring organizations in 
planning future research efforts most effectively. In order to reach this objective the 
Working Group, with the assistance of Dr. R.I. Jaffee as Chairman of an Organizing 
Committee.planned and held a Specialists Meeting of exports in the field, drawn from the 
NATO nations, at Lyngby. Denmark 111 April 1972. The results of this meeting which 
in- lude the presentations and discussions at Lyngby and the resulting conclusions were 
published in the proceedings of the Lyngby conference, High Temperature Corrosion of 
Aerospace Alloys. AGARD-CP-120. 

At the time the Direc tory of Organizations. Investigators and Programs was being 
prepared, a questiunaire was sent to people active in hut corrosion research inviting 
comment on the desirability of collecting into one* volume for ready availability basic data 
in hot corrosion that was in various places in the technical literature, in government and 
similar reports and information which had not been published. The response was pre¬ 
dominantly in favor of such -in effort. In vi--w of the magnitude ol the task the Working 
Group obtained through AGARD c hannel s. the assistant e f Professor J . Stringer. 
University of Liverpool, himself an expert in hot corrrsion. Professor Stringer, with his 
staff, assembled the volume* that is presented here from 'he large number of sources 
indicated. It is hoped that this compilation will be effective in providing information, saving 
time,and thus improving the effit iene y of researc h worker* in the field of hot corrosion of 
aerospace alloys. 

The Structures and Materials Panel no'es with satisfaction this publication which 
completes the planned program of it* Working Group. It is most pleased to acknowledge, 
with gratification, the contributions made to this, and to the preceeding publications in hot 
corrosion by the Chairman and Members of its Working Group, by Dr. R.I. Jaffee of the 
USA and Dr. A. Rahmel of Germany and by the Coordinator for this volume. Professor 
J. Stringer of the U.K. The Panel wishes to acknowledge also the important assistance of 
the members of the AGARD staff, Dipl. Ing. P.K. Bamberg. CDR E.R. Way, USN and 
Mile A. Guerillot, in the program on hot corrosion and the help and advice of numerous 
experts in the NATO countries who contributed to this volume and to other parts of the 
program. We trust that the benefits derived will prove worthy oi the efforts of these many 
individuals. fV 

T. Gaymann 

Chairman. Str^fure/ and Materials Panel 
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l'ART I. BASIC IvMA 

H.isii.' ilut.i nl.v.Hit ti' lia' IiírIi U‘mpiT;ituri' oxi d.n i on und hinh 

11 mpirdt nii' corrosion >1 at-rospact- al loys arc presented in the foil owing 

sections. Ihe first section consists of tables of data, and this ‘s followed 

!’> •' se. I ion containing predosiinance diagrams. A section on the atmosphere 

i i' *i‘is turbines is presetted, and a summary el the vapor pressure and con¬ 

densât ion oi sodium sulphate, the final section is on diffusion data fir 

systems of concern. 
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Preeidin mi Unk 
TABLE I.I (1). HEATS OF FORMATION, STANDARD ENTROPIES, 

MELTING AND BOILING POINTS, AND STRUCTURES 

Ttu' majority of tho data in this table is from "Metallurgical 

Thermodynamics’ , 4th id., 0. Kubaschewski, E. LI. Evans, and C. B. Alcock 

(Pergamon Press, Oxford, i%7). Sime values have1 been updated from JANAF 

Thermochemical Tables, The Dow Chemical Company, Midland, Michigan, indi* 

cated by (J); and some additional data are included from W. J. Cooper and 

D. A. Scarpullo, Final Report SC-RR-66-67, Calley Chemical Co. to Sandia 

Corp. (January 1964), indicated by (C). 

The values in parentheses are estimates. 

Substance 

Ala0, 

AlgSj 

Ala(S04)3 

CaO 

CaS 

CaS04 

CaCrO^ 

CaMo04 

CaW04 

CoCl g 

CoO 

Co? 04 

C<sS, 

Cl'S« , 4 g 

Co, S4 

CoSj 

CoS 04 

CoMo04 

CoW04 

CrCl, 

CrClj 

Cr(JtCl a 

Crt03 

CrO, 

Cr03 

CrS 

FeCl 

Fed, 

FeCla 

¿.Hg . g B s. 
—K cal/mole cjl/deg/mole 

-400.0+1.5 12.2+0.1 

M1‘ 
o_ 

BP 
o„ 

-172.9+4.0 23(C) 

-821.0+5.0 57.2+0.5 

*151.74+0.21(J) 9.133+0.03(J) 

*113.5+0.5(J) 13.5+0.3 

2050 

1100 

dec . 

dec . 

-342.4+3.5 

-329.6(C) 

-369 5(C) 

-402.4(C) 

-74.7+0.3(3) 

-56.9+0.10(J) 

217.5+1.0(3) 

-197.0+12.0 

-20.4+1.0 

-75.0+3.0 

•33.5+4.0 

-212.3+0.3(3) 

(-246.0)(0 

(-263)(0) 

-97.0+3.5 

-132.0+5.0 

-135.7+5.0 

-270.0+2.5 

-139.2+2.0 

-138.5+2.5 

+45.0+9.0 

-81.8+0.2 

-95.7+0.2 

25.5+0.4 

32(C) 

29.3(0 

30.2(C) 

26.12+0.05(3) 

12.67+0.08(3) 

27.32+1.0(3) 

(110) 

13.6+0.5 

2927+50(3) 

(2400)(3) 

(1400) 

2160(C) 

740 

1805 

9^ec. 

(835) 

(834) 

(625) 

dec . 

28.05+1.00(3) 

(37.4)(0 

(32.70)(0 

27.55+0.1 

29.4+0.1 

1400dec. 
(J) 

19.4+0.2 

815 

sub] . 

-95 

(2400) 

17.5+2.5 185 

1550(C) 

57.5+2.5 

28.7+0.5 

32.2+0.5 

677 

315 

1025 

dec. 

dec . 

1300 

945 

117 

dec. 

dec . 

1012 

319 

Structure 

(3500) 

hexagonal 

orthi rhombic 

NaCl 

orthorhombic 

CdCl, 

NaCl 

spinel 

cubic 

Pyrite 

orthorhombic 

CrjOj 

CdCl. 

As I , 



FeO,., 

Fe3 04 

Fe#0., 

FeS 

FeS, 

FeS 

FeAI#04 

Fe,Nlü4 

Fe#Co04 

FoCoj 04 

FeCr104 

FeMo04 

FeW04 

HFOj 

Mnü 

Mn^ 04 

Mna0, 

MnOj 

Mn£0, 

MnS 

MnSj 

MnMi 04 

MnW04 

MnS04 

Hod . 

KoO, 

-63.2+0.3 

-266.9+1.0 

-196.3+0.S 

-22.8+0.3 

-42.4+1.5 

-220.5+6.0 

-10.0+1.0* 

-1.3+2.5* 

-257.5(C) 

-274.1(C) 

-266.0+5.0 

-92.0+0.5 

-331.4+1.0 

-228.7+1.2 

-124.3+0.5 

-174.1+2.5 

-49.0+0.5 

-49.5+2.5 

(-290.7)(0 

-312.3(C) 

-254.2+1.0 

-90.8+2.5 

-140 0+0.9 

14.05+0.2 

36.2+0.6 

20.9+0.1 

16.1+0.3 

12.65+0.1 

25.7+0.2 

25.4+0.2 

30.1+0.2 

32.2+0.2 

30.0+0.2 

34.9+0.5 

(35)(C) 

14.2+0.1 

14.3+0.2 

36.8+0.8 

26.4+0.5 

12.7+0.1 

18.7+0.3 

(34.7)(C) 

26.8+0.3 

65.0+5.0 

13.0+2.0 

1378 

1594 

(1457) 

1195 

(1440) 

2180 

1100(C) 

2900 

1875 

1565 

dec . 

dec . 

dec . 

1530 

700 

194 

dec . 

dec. NaCl 

dec. spinel 

dec . Ni As 

spinel 

spinel 

spinel 

spinel 

dec . 

monee1Inie 

NaCl 

tetragonal 

ScjO, 

orthorhombic 

various 

pyrites 

268 NbCl. 

monoclinlc 

Mo*°n 

MoO, 

MOjS j 

MoS# 

NaAl0, 

NaCl 

Na80 

Naa0f 

NaOa 

NaaS 

N.ijSj 

Na*s* 

Na#S04 

-680.3+2.5 

-178 2+0.5 18.6+0 3 

-92.5+4.0 28.5+2.0 

-60.4+3.0 16.9+2.5 

-270 84+0.17(J) 16.83(3) 

-98.6+0.2 17.4+0.1 

-99.9+1.0(3) 

-123.0+1.5 

-62.5+1.0 

-92.4+2.0 

-98.5+3.5 

-101.0+3.5 

-333.5+2.0 

17.935(3) 

22.6+0.3 

27.7+0,3 

23.5+2.5 

35.73 

dlsp. 

795 1100 

^1650(3) 

801 

1132(3) 

675 

dec . 

950 

480 

285 

884 

1456 

dec . 

dec . 

orthorhombic 

Mo03 (orthorhombic) 

hexagonal 

HoSj (hexagonal ) 

NaCl 

CaF, 

tetragonal 

KO, 

CaF, 

Na,0, 

orthorhombic 

’"'from oxides 



Na8Mii04 

NaaW04 

NbO 

NbO, 

NbjOp 

NiCl 

MCI j 

MO 

Ni3Sg 

NiS 

NiSs 

niso4 

NiM..04 

NiW04 

TagOç 

no 

-350.4(C) 

-369.2+2(3) 

-98.5+2.0 

-190.4+1.5 

454.0+1.0(3) 

+55.0+9.0 

- 7 3.0+0.5 

-57.5+0.5 

-47.5+2.5 

-22.2+1.4 

-34.0+4.0 

-212.5+5.0 

(-251.5)(0 

(-271.0)(0 

-488.5+1.0 

-123.9+0.8 

38.1(C) 

38.32+0.5(3) 

11.5+1.5 

13.0+1.5 

32.82+0.3(3) 

57.5+2.5 

23.35+0.2 

9.1+0.1 

32.0+0.2 

12.65+0.1 

(23.2) 

(28.1)(0 

34.2+0.4 

8.3+0.1 

686(C) 

696(3) 

1935 

2080 

-- dec. 

subi . 987 

1984 dec. 

(800) 

>800 dec. 

dec. 

675dec.(C) 

1870 

1760 

TigO, 

Tis0 

TIO, 

TiSg 

W08 

w3os 

wo, 

WSg 

362.9+0.8 

586.9+1.5 

225.5+1.0 

(80.0) 

140.9+1.5 

543.5+4.0 

201.4+0.7 

48.4+4.0 

18.83+0.2 

30.9+0.3 

12.0+0.05 

18.73+0.2 

16.0+2.5 

19.9+0.2 

20.0+3.0 

1820 

1870 

disp. 

dlsp. 

147 3 

dec . 

dec . 

(1850) 

ZrO_ -259.5+1.5 12.1+0.1 2720 (4300) 

ZrS, 

Zrt(S04), -597.4(C) (24.1)(C) 

hexagonal 

c. rutile 

Tag Oe 

CdClg 

NaCl 

NIAs 

orthorhombic 

NaCl 

Cr#0, 

monoclinic 

rutile 

Cdlg 

monoclinic 

monoclinlc 

monoclinic 

MoS, 

monoclinic 

1650(C) 



TABLE I.l (li). STANDARD FREE ENERGY OF REACTION 

AGT° » A + B T log T + CT 

(fron Kubaachewskl et al., loc. clt.) 

Reaction 
AG in cal 

B 

+ 

Kcal 

Temp. Range 
o„ 

A^OjíaWAKaí+liOgíg) 

AlgOgíaWAKD+liOgíg) 

2CaO(a)a2Ca(s)+Oa(g) 

2CaO(a)-2Ca(l)+0,(g) 

2CaO(a)"2Ca(g)+Oi(g) 

2CaS(8)«2Ca(8.,)-tS,(g) 

2083(8)-208(8,9)46,(g) 

2CaS(8)-2Ca(l)46,(g) 

2CaS(s)-2Ca(g)4S,(g) 

CoCl,(8)-Co(8)4Cl,(g) 

CoCl,a)-Co(8)4Cl,(g) 

CoCl,(g)-Co(a)4Gl#(g) 

2Co0(s)-2Co(s)40,(g) 

Co3 0, ( 8 )-3CoO ( a )+*¡0, 

iCo9S,(8)-l;Co(8)+ S,(g) 

iCo,Si(8)4S,(g)-i|CosS4(8) 

3CoS,(s)-CojS4(8)46,(g) 

CrCl,(8)-Cr(8)4Cl,(g) 

CrCl,(l)-Cr(8)4Cl,(g) 

CrCl,(g)-Cr(a)4Cl,(g) 

%CrCl3(a)-liCr(a)4Cl,(g) 

Cr,03 (a)-2Cr(8)+l^Cr(g) 

FeCl,(8)-Fe(s.»)4Cl,(g) 

FeCl,(l)-Fe(8)4d,(g) 

FeCl,(g)-Fe(8,v)4Cl,(g) 

2FeCl,(8)-2FeCl,(8)4Cl,(g) 

Fe0(s)“Fe(8)4^0,(g) 

Fe0(l)-Fe(l)4i0,(g) 

Fe,04(8)-3Fe0(8)+i0,(g) 

3Fe,0,(8)-2Fe304(a)4i0,(g) 

2FeS (s ,'y)-2Fe(8 ,(y)46, (g) 

2FeS(a 9)-2Fe(8.^)46,(g) 

2FeS(s ,9)-2Fe(s ,Y)46,(g) 

2FeS,(e)-2FeS(8)46,(g) 

400 810 

405 760 

302 650 

307 100 

380 200 

258 870 

259 100 

263 560 

336 710 

78 700 

72 200 

31 700 

111 800 

43 800 

79 240 

-51 640 

50 160 

93 900 

86 900 

27 700 

87 430 

267 750 

82 770 

3.98 

3.75 

6.9 

9.2 

-13.8 

8.7 

8.36 

-6.26 

7.42 

6.98 

68 (,50 

25 250 -23.0 

25 900 

62 050 

55 620 

74 620 

59 620 

74 320 

71 820 

72 140 

86 700 

-87.64 

-92.22 

-47.32 

-51.28 

-93.24 

-45.62 

-45.92 

-49.88 

-91.44 

-54.12 

-54.52 

447.8 

-33.8 

-35.4 

-39.81 

434.03 

-50.41 

-55.0 

-47.5 

437.0 

-58.4 

•62.1 

-50.84 

-15.22 

489.65 

-38.7 

-14.95 

-10.83 

-29.9 

-33.62 

•31.18 

•25.12 

•25.48 

-90.0 

3 298-923 

4 923-1800 

3 298-1124 

3 1124-1760 

5 1760-2500 

2 298-673 

2 673-1124 

3 1124-1760 

5 1760-2000 

3 298-1000 

4 1000-1323 

4 1323-1786 

2 298-1400 

3 298-1300 

2 298-1048 

3 600-750 

3 600-900 

3 298-1086 

3 1088-1577 

5 1577-2100 

5 298-1200 

4 298-2100 

1 298-950 

1 950-1300 

4 1300-1812 

1 400-500 

3 298-1642 

3 1808-2000 

3 298-1642 

8 298-1460 

1 298-412 

1 412-1179 

2 1179-1261 

3 600-1100 



2Fe(s)+0j(g)+2Cr#0j(s)* 

2FeCrt04(8) -131 600 

2Fe(8)+0t(g)+2Ali03- 

2FeAla04(s) -150 000 

Mn0(s)“Mn(s)+‘;>0t (g) 91 950 

MnO(s)«Mn(l)+^0g(g) 95 400 

MnS(B)“Mn(s ,'»)+^St(g) 64 000 

MnSísl-Mnís.SJ+^Sgíg) 64 540 

MnS(s)»Mn(s .il + jSgig) 65 510 

MnS(s)«Mn(l )+1,8,(g) 69 010 

MnS(l)«Mn(l)+'iS,(g) 62 770 

MoO,(s)“Mo(s)+0,(g) 140 500 

MoOaísJ-MnOgísl+íiOgíg) 38 700 

^MogSjUl-V.MoisHSgtg) 85 700 

NaCl(s)“Na(l)+^Cl,(g) 99 000 

NaCl(1)*Na(l)+^Cl,(g) 114 300 

Na,S(s)-2Na(l)+iS,(g) 105 250 

2Nb0(s)*2Nb(s)+0,(g) 198 700 

2NbO,(s)-2NbO(s)+Ot(g) 185 100 

2X6,0=. (s)-4NbOt (8)+0, (g) 149 700 

NlCl,(8)+H,(g)-Nl(s)+2HCl(g) 29 075 

NiOisl-NHsH^Ojig) 58 450 

N10(s)-Nl(l)+^0,(g) 62 650 

Ni,S,-3M(s)+S,(g) 69 960 

Ta,< * (8)“2Ta(s)+2!jO,(g) 491 000 

'TiO'(»)“‘Ti' (s )+1,0, (g) 122 300 

Ti,03(s)-2"n0'(s)+i¡0g(g) 114 150 

211,0^(8)-311,0,+^0,(g) 88 500 

3TiO,(s)-Tt30,(s)+i0,(g) 73 000 

W0,(s)-W(s)+0#(g) 138 500 

WOs(s)-W(s)+H0#(g) 201 500 

WS,(s)“W(s)+S,(g) 62 360 

Zr0,(s,,)-'Zr'(s,^)+0,(g) 259 940 

iCrO,(s.Bl-'Zr1 (s,a.)+0,(g) 260 200 

+24.2 

4.6 

11.5 

11.5 

11.5 

6.15 

20.7 

10.2 

4.33 

6.44 

+41.8 

-17.4 

-19.7 

-15.32 

-15.86 

-16.56 

-18.86 

-15.40 

-55.8 

-19.5 

-36.41 

-23.6 

-35.8 

-31.45 

-77.0 

-79.5 

-68.9 

-58.53 

-23.55 

-25.98 

-34.41 

•168.4 

-21.3 

-19.05 

-19.7 

-23.0 

-36.6 

-91.7 

-23.0 

-59.12 

-65.99 

8 

3 

3 

1.5 

1.5 

1.5 

2 

2 

6 

3 

2 

1.5 

2 

5 

4 

4 

5 

0.8 

2 

3 

3 

5 

4 

4 

3 

3 

5 

5 

10 

4 

4 

1173-1700 

1100-1400 

298-1500 

1500-2050 

298-1000 

1000-1374 

1410-1517 

1517-1803 

1803-2000 

298-1300 

298-1300 

1123-1473 

298-1073 

1183-1738 

371-1187 

298- 

298- 

298- 

298-1260 

298-1725 

1725-2200 

670-850 

298-2000 

600-2000 

298-2000 

700-2000 

298-2123 

298-1500 

298-1400 

298-1400 

298-1143 

1478-2138 



TABLE I.I (ill). THERMODYNAMIC DATA FOR SPINELS 

(from J. D. Tretjakow and H. Schmalarled, Berichte der 
Bunaengesel 1 acha ft, ¿2 (1965) 396) 

AO + B#0S AB.04 

Spinel LO , cals 

FeCrjO^ 

NlCrf04 

CoC r j 

Fe304 

CoFef04 

NiFe,04 

NlAlt04 

T K 

AG°, cais 

1000 

■10,200 

-13,750 

-12,930 

-19,360 

-4030 

-5400 

-4720 

1100 

■7000 

+3.93T (+200) (1000-1500K) 

+5.17T (+500) (1000-1500K) 

+5.77T (+200) (1000-1500K) 

-2.76T (+250) (1100-1700K) 

-3.20T (+400) (1173-1700K) 

-1.00T (+300) (1173-1473K) 

1200 1300 1400 1500 

-5200 -4000 -3250 -3000 (+400) 

Thermodynamic Data for Reaction AO+B,0,-AB,04 
-min cal/deit. AH and AC ln cal) 

MCr,04 MA1,04 

T-298K 1273K 298K 1273K 298K 

MFe,04 

1273K 

AS 

Fe AH 

AC 

-0.61 

-12,150+400 

-12,000+400 

-3.93 -0.5 

-13,750+200 

- 8,750+200 

-4.0 

-10,800+200 

■ 5,700+200 

•0.21 

-6000+400 

-6100+400 

+2.76 

-4000+300 

-7500+250 
AS 

Co AH 

AG 
-jj- 

-5.8 

-19,300+200 

-12,000+200 

-2.7 -1.2+0.3 +3.2 

■10,700+400 -5400 

■ 7,300+400 -9400 

Ni AH 

AG 

-5.2 

-12,900+500 

• 6,400+500 

0.1+0.3 

■10,500 

■ 4,400+400 

+1.0 

-4720 

-6000+300 



TABLE I.l (iv). PROPERTIES OF SULPHATES 

(from "High Temperature Properties and Decomposition of 
Inorganic Salts: Part 1. Sulphates", K. H. Stern and 
E. L. Welse, NSRDS-NBS 7 (1966)) 

1. Dissociation of SO,-Free energy and equilibrium constants 

T ACt° 1°8 K « 

°K KJ 

298.15 

400 

500 

600 

700 

800 

»00 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

+70.88 

61.26 

51,80 

42.35 

32.93 

23.56 

14.23 

4.95 

-4.30 

-13.50 

-22.67 

-31.82 

-40.92 

-50.00 

-59.04 

-68.06 

-77.07 

-86.04 

-12.417 

- 7.999 

- 5.411 

- 3.687 

- 2.457 

- 1.538 

- 0.826 

- 0.259 

+ 0.204 

0.587 

0.911 

1.187 

1.425 

1.632 

1.814 

1.975 

2.119 

2.247 

3.83 X 10'1? 

1.00 X 10* 

3.88 X 10*' 

2.06 X IO*' 

3.49 X 10*3 

2.90 X 10*' 

1.49 X 10*1 

5.51 X 10*1 

1.60 

J.87 

8.15 

15.4 

26.6 

42.9 

65.2 

94.4 

131.5 

177 

2. Alt(S04)3(c) - AlgO,^) + 3S0,(g) * 579.6FkJ, 138.5 kcal 

Sîss> i5 - .'39 J/mol/dcg; 57.2 cal/mol/deg 

3 
¿Hfgag l5 » -3435 kJ/mol ; -821.0 Kcal/mol 

Egnjli hr i um.j? res stiffs ,. ayr.. 
T AC°r 

0Ü_T kJ— 

298.15(+406.22 

400 

500 

600 

700 

800 

900 

1000 

1100 

347.65-45.394 

291.37-30.437 

log K K 

71.1651) 84xl0*’'fe98 

i.04x10 
.♦a 

3.66x10 
.31 

236.23-20.5647.73x10 

182. OSp 13.58 lb. 6*1 xlO 

128.781- 8 .408j3.91xl0* 

76.32- 4.4290.72x10* 
I 

24.51- 1.28015.25x10* 

.ai 

.1* 

.isli. 

SO, 

17x10* 
.«4 

26.726 1.269 18.6 

.1 
400 .5.26x10 

500 ,5.82x10* 

600 1.26x10* 

700 2.93x10* 

.11 

800 1.69x10 
.3 

900 5.50x10 

1000 

1100 

.1 
.57x10 

3.41 

5.83x10' 

2.63x10* 

2.91x10* 

6.29x10*' 

1.46x10* 

8.42x10* 

2.75x10* 

2.29x10* 

1.71 

.21 

.1« 

.11 

.4 

.8 

.1 

.S?J. 

1.90x10* 
.»4 

.1' 
7.39x10 

7.15x10* 

1.40x10* 

2.97x10* 

1.58x10* 

5.74x10*' 

3.74x10* 

2.65 

.11 

.1 

Total 

3.65x10* 

1.53x10* 

1.59x10* 

3.29x10* 

7.36x10* 

4.10x10 

1.40x10* 

1.06 

7.77 

.*♦ 

.15 

.10 

.3 
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3. C«S04(c) t CaO(c) + SO,(g): Ûl4...i8 - iOl.9, kJ, 96.0, kc.l. 

“ 106., J/mol/deg; 25.5 cal/mol/deg. 

AHf (••.is ■1432.7 kJ/mul; -342.42 kcal/mol 

T 
°K 

AG. 
T 

kJ log K 
Equilibrium pressure», atm. 

SO. SO, 

298.15 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

T T- 
Total 

+345.39 

326.18 

307.44 

288.74 

270.20 

751.96 

234.18 

216.81 

199.91 

183.-43 

167.36 

151.75 

-60.507 

-42.592 

-32.115 

-25.135 

■20. li>l 

■16.450 

■13.590 

>11.324 

• 9.491 

■ 7.984 

• 6.724 

• 5.662 

3.11x10 
-IT 

2.56x10 
.«a 

7.67x10 
_sa 

7.33x10 
.M 

6.90x10 
.(1 

3.55x10 
-1’ 

3.49x10 •*» 
1.75x10”** ! 3 

-im-: 
.11x10 ,5.24x10 

2.59xl0*34 '1 
.34 ! 

.30x10 2, 
.43 

56x10 3, 89x10 
.34 

-ts : 
1.31x10 6 

.(• 
.57x10 7 

.33 
.67x10 1.9/xlO 

(3 

.*0 
8.19x10 4 

.80 ' 

.09x10 7.33x10 
• • 

1.11x10* ¡.54x1o*1* 6.90x10 
.81 

.1( < 
1.34x10 !b. 72xl0*13\ 3.55x10 

.13 

.14 .10 
2.57x10 3.22x10 1 .61xl0*l° 2.57x10 

.14 

4.74x10 
.18 

2.48x10** !l. 

3.23x10 
.10 

8.39x10*? 4 

24x10 

19x10* 

,4.74x10' 

3.23x10” 

.1( 

10 

1.037x10 1.52x10 
.P 

1.888x10* 

.( 
2.18x10 

1.73x10 
.4 

1.35x10* 

64x10*F !l, 04x10 

1.23x10 

1.66x10 

2.02> 10 

4.83x10 

3.73x10 

1.26x10 

2.29x10 

.1( 

.is 

l( 

.10 

.( 

73xl0*4 1. 89x10*’ 2 60x10 

89xl0*3 12, 18x10** ¡2 02x10 
.3 

4. CrjiSO^Jj decomposes above 573PK. No thermodynamic data. 

5. CoS04(c) ^ Co0(c) + S0s(g) 

S(»«.is * 113.4 J/mol/deg; 27.1 cal/mol/deg 

AHfl44ats • -887.0 kJ/mol; -212.0 kcal/mol. 

T ÛCT 
°K kJ log K 

Iflulllbrium pressure«, atm. 

SO. 0( SO. Total 

298.15; 193.8,-33.966 

(900) 82.9, 

1000 ! 64.9, 

1100 

(1200) 

47.1, 

29.4, 

4.813 

3.392 

2.237 

1.282 

1.08x10 
.34 

1.54x10 
.8 

4.06x10 
.4 

5.79x10* 

5.22x10 
.( 

1.5x10 
.31 

2.2x10* 

4.6x10 
.3 

5.6x10 
.( 

4.3x10* 

7.5x10 
.3( 

1.1x10 
.34 

1.1x10 
.4 

1.5x10 
.8 

2.3x10 
.3 

! 4.1x10** 

2.8x10* 5. ixlO* 

2.2x10 
.1 

5.2x10 
.( 

2.3x10 
ITT 

3.4x10* 

7.4x10* 

8.9>.10* 

7.0x10* 

FnS04 S((a is " 107.PJ/moI/deg; 25.7 cal/mol/deg 

ûHÎ((a.is * *^>b kJ/mol; -220.5 kcal/mol 

7. Fe,(S04)s No data. 



8. MnS04 s;;, lB « 112 J/mol/deg; 26.8 cal/bk I/deg 

AHf»»e ib * *1063.7 kJ/im 1 ; -256.2A kcal/mol 

3MnS04(c) í Mn30¿(-v) + 30t(g) + 0t(g) 

AhJ9, ■ 914.1 kJ, 218.47 kcal 

T 
°K 

Í.G 
T 

kJ n-g K 

Equilibrium prcs!.urca ■ atm. 

SO. 0, SO, Total 

I 
298.15 

400 

500 

600 i 

700 

800 ; 

900 

1000 

1100 ‘ 

1200 

685.42 

607.55 

532.00 

457.42 

384.01 

311.45 

239.90 

169.28 

99.46 

31.72 

-120.076 

- 79.331 

- 55.573 

- 39.819 

- 28.653 

- 20.334 

- 13.922 

- 8.841 1 

- 4.722 1 

- 1. 381 ! 4 

40x10 

67x10 

67x10 

52x10 

22x10 

63x10' 

20x10' 

44x10 

90x10 

16x10 

.1 »1 

.4 9 

21 

,14 

1.26x10 

1.94x10 

1.69x10 

1 

9 

1 

.99 

.29 

14 

4.20x10 

6 

5 

.9 1 

4 3xlO*1 ; 1 

57x1o*1 ^ 2 

.12 i 
47x10 4 

.111 
81x10 4 

.09x10 

.09x10* 

.4 

4.39x10 

8.20x10 

8.80x10 

ib.03x10 

.4 

.9 

.2 

.1 

.96x10 

.6 
3.54x10 

1.41x10" 

2.61x10* 

2.79x10 

1.90x10 

.4 

.* 

.1 

.74x10 

.35x10 

.87x10 

.50x10 

.14x10 

.63x10 

.29x10 

.19x10 

.73x10 

.48x10 

1 68x10 

2.59x10 

2.27x10* 

1.99x10* 

1.25x10* 

1.51x10* 

6.13x10* 

1.15x10* 

1.25x10* 

¡8.57x10* 

.99 

.20 

• 1« 

.19 

.4 

.» 

.1 

.1 

9. NISOj S 
o 
* 9B. 1 no data; 15 -870., kJ/mo!; -208.1 kcal/mol 

10. Na,S04(V) Sj,# lt. * 149.5 J/mol/dcg; 35.73 cal/mol/deg 

« -1384.5 kd/mol; -330.90 kcal/mol 

NafS04(III) Sj9(, j,, * 156.r J/mol/deg; 37.4 cal/mol/deg 

4Hf*9e.iB * -1381.4 kJ/mol; -330.16 keal/mol 

NafS04(c) ► Na,0(c) + SOjig) 

from NajS0t (III); ¿HJ*,, Jp - 570.3 kJ; 136.3 kcal 

from NatS04(V): i-Hj»,. jr * 573.4 kJ; 137.0 kcal 

¿.C, 
T 

kJ 
log K 

EnutlIbrlum pressures, atm. 

SO. 0, SO, Total 

298.15 ^518.74 
(HI) 

400 501.27 

500 484.61 

514 482.48 
(111-1} 

600(1) 469.71 

700 455.39 

800 441.55 

900 427.99 

1000 414.83 

-98.877i1 

-65.454j3 

-50.622I2 

.»t 
33x10 1, 

., «t 
52x10 1 

.61 
39x10 6 

.#• .->0 
98x10 '9.89x10 

49x10 
.4» 

03x10 
.99 

-49.026:9.42x10 

I 

1100 401.98 

-40.889 

-33.979 

-28.828 

•24.838 

-21.667 

-19.085 

1.29x10 

1.05x10 

1.49x10* 

1.45x10' 

2.15x10 

8.22x10 

.41 • 

.94 

89 

.89 

.88 

.»0 

1.07x10 

2.57x10' 

6.80x10 

7.52x10 

1.02x10 

3.16x10 

3.37x10 

.9 a 

.80 

-•f 

.81 

.19 

.If 

.19 

7.44x10 
.60 

3.02x10 
.*9 

5.35x10 

1.29x10 
.90 

3.40x10 
.89 

3.76x10 
.81 

5.11x10 
.19 

1.58x10 
.16 

1.33xl0*91 2.97x10 
.89 

.88 .4« 
3.52x10 2.23x10 

2.39x10* 1 V.OSxlO*9" 

9.42x10 1.61x10 
,9 8 

.41 .96 
1.29x10 3.86x10 

.94 .84 
1.05x10 1.02x10 

.89 .(0 
1.49x10 1.13x10 

.86 1 .1’ 
1.45x10 ; 1.53x10 

2.15x10 
.88 

.19 .80 
1.69x10 8.22x10 

4.74x10 
.lr' 

.06x10 
.19 



lAltlE I I tv). MELTING AND BOILING POINTS 

Seme data art* iiuludt’d In Table I Mi). These additional values are from 

"Molten Salts Handbook", C. J. Janz (Academic Piess New York, 1967), whose 
principal sources were 

"Selected Values of Chemical Thermodynamic Plopt ctie*", F. D. R. ssinl, D. D. Wagman, 
W. 11. Evans, S. Levine, and I. Jaffe, N >S Clrc. 500 (1952), 

'The Thermochemical Prop.-rties of Oxides, Fluo ides, and Chlorides 1 - 2500K", 
A. Glassner, ANi. iv-nort 5750 (1959), and 

"Compilation of the Melting points of the Metal Oxides", S. J. Schneider, 
NHS Monograph 68 (196)). 

Substance Melting Boiling Substance Melting Boiling 
P'int ‘C Point l'C Point °C Point °C 

LiCl 

SaCl 

FC1 

MgCl j 

CaCl , 

AlClj 

CrCI, 

CrCl j 

MiCl j 

MoClj 

MoC14 

WC1, 

wcit 
WC! = 

WC!, 

MnCl j 

MnCl, 

CoCl . 

610 

808 

772 

714 

782 

192 

815 

947 

(d) 

(d) 

<d 127) 

<d) 

(d) 

248 

275 

650 

(587 ) 

724 

1)82 NaFeCl4 163 

1465 V-0* 670 

1407 VP04 1 542 

1418 VyO, 1927 

1627 V0 2077 

180. l(s) MoO, 795 

815 (s) MoOy 1927 

-- W0, 1470 

WO, 1270 

— MnCly 649 

— MnOg (d 847) 

MnO 1780 

Mn,04 1560 

276 SiOy quarte 1610 

336.5 trydimite 1680 

1190 crist. bal ite 1728 

(627) MgS ">2000 

1050 CaS (2400) 

CrS 

Mc:>, 

FeS, 

MgS04 

CaS04 

A1?(S04). 

MnS04 

CcS04 

NiS04 

FeS 0^ 

NaySiO, 

NaySi0r 

Na,Cr04 

NayCr,0, 

1550 

1185 

1171 

1127 

1400 

770 

700 

1089 

874 

792 

356.7 

d.1149 

d. 605 

d. 755 

d. 708 

d. 675 

d. 537 

2052 

3027 

3027 

3127 

1155 

dl977 

1827 

1852 



TABLE II (VI). CRYSTALLOGRAPHIC DATA rOR OXIDES 

Oxide System 

Lattice Constants, nm 

ab c c/a 

Na,U 

Na - 0- 

NaO, 

>A1,0, 
vAijO, 

SiOj -quarts 

»quartz 

-j t rtdymi te 

cubic 

hexagonal 

rhombic 

hexagonal 

cubic 

hexagonal 

hexagonal 

rhombic 

CaO 

TIO 

•> ristobalite tetragonal 

Hcrlstobalite cubic 

cubic (NaCl) 

cubic 

Ti««* 

«s0* 

TI«09 

TIO, 

VO 

VíO, 

vo. 

v,0. 

CrO. 

MnO 

,ífci,04 

>Mn 

MnO, 

hexagonal, 
>Alf0, 

monoclinlc 

trielinlc 

tetragonal, 
rutile 

cubic (NaCl ) 

hexagonal, 
-»AlgO, 

monoclinlc 

hexagonal 

hexagonal, 
'►Al.O, 

rhombic 

cubic (NaCl) 

tetragonal 

cubic 

tetragonal 

cubic 

tetragonal , 
rutile 

0.622 

0.426 0.554 

0.4758 

0.790 

0.3464 *• 

0.4913 

0.988 1.71 

0.4971 

0.718 

0.4799 

0.4162 

0.516 

0.576 

0.87 

0.885 

0.9411 

0.4398 

0.447 

0.344 

0.4594 

0.4093 

0.543 

0.5743 0.4517 0.5375 

1.151 0.3559 0.4371 

0.4950 

0.4789 0.8557 0.5743 

0.4444 

0.718 

0.819 

1.2991 2.72 

0.4382 1.27 

0.5405 1.10 

1.03 1.65 

0.6918 1.39 

1.357 2.66 

0.9757 0.3802 0.9452 

0.5369 0.7120 0.8865 

0.2958 0.644 

1.3665 2.76 

0.944 1.638 

0.995 1.12 

0.2867 0.654 

8-93. ir 

0^97.55° 

8-112.34° 

V-108.500 

(?) 

8-122.6C 

•/MnOa rhombic 0.4533 0.927 0.2866 
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FeO 

Fo,04 

>Fef0, 

Coo 

Cl’s°4 

CopO, 

NiO 

ZrOp 

NbO 

NbOj, 

Nb?0, 

McOp 

MoO, 

HFOp 

Ta,Os 

WOp 

wo. 

cubic, NaCt 

cubic 

hexagona1, 

cubic, N.iCI 

cubic, MpAl?04 

hexagonal , 
>•'1 e0S 

cubic, SaCl 

monoc1inic 

cubic 

cubic, Nad 

tetragi nal 

monoc1inic 

hexagonal 

rhombic 

0.4311 

0.338 

0.508 

0.42581 

0.8084 

0.4b4 

0.41769 

0.517 0.526 

0.507 

0.42013 

1.37! 

2.134 0.3816 

0.3607 

0.619 0.365 

0.441 0.866 

0.575 1.24 

0.530 

0.5985 0.43 

1.947 

0.3925 1.09 

0.394 

monoc1inic 0.561 

rhombic 0.39 

monoclinic 0.511 

tetragonal 0.514 

rhombic 0.620 

monoclinic, 0.556 
Mo Op 

monoclinic 0.7285 

tetragonal. 0.5250 
ReO, 

0.484 0.553 

1.38 0.37 

0.514 0.528 

— 0.525 1.02 

0.367 0.390 

0.4884 0.5546 

0.7517 0. 3835 

0.3915 0.746 

-*80l 10’ 

8-119.6° 

--99°49' 

«90.90° 

Data fr m "The Oxide Handbook", ed. 

and T. I Turton (Plenum, New York; 

G. V. Samsonov, 

1973). 

translated by C. N. Turton 

rfMJüiàaÉtf wuanÉaaMOiailiiiiaiMÉMkaBiaMitf 



TABLE 1.1 (vii). LROI-ERTIES OF SPINELS 

Color Theoretical Coefficient 
Spinel Color in Bulk Under Density, of Expansion, Cell Size, 

Microscope s/cm3 25*900aC A 
-t .« 

_°C.*19_ 
CoAl .,0, 

FeAlj04 

MnAl,0. 

NiAlj0+ 

CoCrr04 

FeCrr04 

MnCr-O. 

Fe, 04 

MnFt -04 

NlFe.04 

Co,Ti04 

FeaTi04 

Mn?U04 

Co, o4 

/AljO, 

Mn,04 

ultramarine blue 

gray-green 

dark cream 

turquoise 

blue-green 

red-brown 

pale green 

olive green 

bl ack 

purple brown 

dark green 

purple brown 

red brown 

black 

white 

black 

bright blue 

pale green 

yellow 

pale blue 

deep blue 

deep red 

none 

deep green 

opaque 

opaque 

deep green 

opaque 

orange red 

none 

deep red brown 

4.392 

4.031 

5.05« 

4.900 

5.201 

5.029 

9.0 

/.3 

8.5 

8.9 

15.1 

8.3 

8.08 

8.12 

8.11 8.26 

8.03 8.05 

8.31 8.32 

8.34 

8.41 8.49 

8.30 

8.37 8.39 

— 8.55 

8.31 8.36 

8.42 8.3 

8.48 -- 

8.63 -- 

— 8.11 

— 7.9 

8.14 -- 

From T. J. Gray, "Oxide Spinels", in "High Temperature Oxides - Part IV", ed. 
A. M. Alper, Vi 1. 5 in "Refractory Materials", ed. J. L. Margrave (Academic 
Press, New York, 1971) 77. 

J. D. Tretjakow and H. Schmalzried, Beichte der Bunsengcsel 1 Schaft, (¡9 (1965) 396, 

list slightly different lattice parameters: 

Spinel 

Ci>Cr204 

NiCr¡,04 

CoAl204 

NIA, ,04 

a , A 
o 

8.332 

8.248 

8.105 

8.046 

C. C. Ulmer, "Chromite Spinels", in "High Temperature Oxides - Part I" (loc. cit) 

251, also lists slightly different parameters: 

Spinel a , A 

Fes04 

FeAl,04 

FeCre04 

8.397 

8.153 

8.381 



K. 

TABLE I.X (vlii). VAPOR PRESSURES OF OXIDES 

TPC P,N/nt 

A1#0, 1727 

2050 

2351 

crlstoballte 1527 

1627 

CaO 1227 

1727 

2227 

TiOa 

V20s 

FeO 

FeaOa 

N10 

ZrOj 

NbOa 

NbgOp 

MoO, 

2727 

1576-1737 

700 

900 

1000 

1100 

1200 

750 

950 

2500 

427 

725 

25-1327 

1727 

1800 

1927-2227 

1665 

1758 

1808 

1849 

1940-2120 

1380 

1450 

25-793 

mp-bp 

25-mp 

mp-bp 

5.77xlO*1 

46.263 

1.013x10B 

162.65x10** 

1013.25x10** 

1.49x10** 

7.19x10** 

44.6 

2.69x10* 

log p - 16.20 - 30361/T - 0.492xlO**T 

4.49 

41.04 

181.3 

525.3 

1195.9 

213.582xl0*1’ 

198.65xlO*U 

21.27x10** 

298.775x10*** 

566.62x1o*1'’ 

log p - 15.20 - 25500/T - 0.767xl0**T + 7.21xl0*V 

-0.1 

0.015 

log p « 13.312 - 37421/T 

0.0803 

0.425 

1.006 

I. 493 

log p « 14.54 - 30300/T 

II. 47x10** 

2.40x10** 

log p • 32.81 - 16140/T - 5.53 log T 

log p - 14.077 - 15110/T + 1.46 log T - 1.32xl0**T 
(over solid phase) 

log p - 35.5 - 11820/T - 7.04 log T (over liquid phase) 

log p - 36.19 - 14560/T - 7.04 log T (over liquid phase) 

log p - 34.20 - 16150/T - 5.53 log T (over solid phase) 

log p - 36.66 - 14110/T - 7.08 log T (over liquid phase) 
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HfOj 

WO, 

2667 3.039 

660 2.57 

753 27.46 

y02 431 

980 1212 

1080 5480 

1187 19198 

727-mp n»g p » 17.75 * 24600/T 

Data from "The Oxide Handbook", ed. G. V. Samsonov, translated by C 

and T. I. Turton (Plenum. New York; 1973). 
. N. Turton 



TABLE I.l (lx). DENSITIES OF OXIDES 

Oxide Denalty, Oxide 
.3 3 

10 kg/cm 

Denalty, 
.3 3 

10 kg/cm 

Nas0 

Na(0, 2.80S 

NaOj -- 

Alt0, 3.97 

S10s quartz 2.6S1 

trldymlte 2.26 

crlstoballte 2.32 

CaO 3.40 

T10 

TlOj 

VO 

v*o3 

V0S 

vsof 

Cra°3 

CrO, 

MnO 

Mn3 04 

Mns03 

MnO, 

4.93-5.53 

4.24 

5.2-5.758 

4.87 

4.65 

3.32 

5.21 

2.70 

5.18 

4.70 

4.94 

5.026 

FeO 5.7 

Fe,04 5.0-5.4 

F<a°3 S.24 

CoO 5.68 

Co,04 6.07 

Co,09 5.18 

NiO 7.45 

ZrO, monocllnlc 5.56 

cubic 6.27 

NbO 7.26 

NbO, 5.98 

NbsOe 4.95 

MoO, 4.11 

MoOj 4.69 

HfO, monocllnlc 10.01 

tetragonal 9.68 

Ta,0s 8.73 

WO, 11.4 

WO, 6.47 

Data from "The Oxide Handbock", ed. G. V. Samsonov, translated by C. N. Turton 

and T. I. Turton (Plenum, New York; 1973). 



11 lw" ... ... »■ÍMWUNIU^ 

I1) 

TABLE 1.1 (x) LINEAR COEFFICIENT OF THERMAL EXPANSION, m, OF 0X1 LES 

Oxi de 
.1 

xlO*deR Temperature range, 

SiO, 

CaO 

T10g 

Cr-0, 

MnO 

FeO 

;ao 

ZrOg 

HfO- 

8.0 

43 

3.0 

0.5 

13.7 

8.0 

9.6 

11.0 

12.3 

14 

8 

6 

293-1273 

293-573 

573-1373 crystalline 

293-1523 silica glass 

293-1673 

293-873 

293-1673 

above Neel point 

293-1073 

573-107 3 

343-1353 

523-1573 

Data from "The Oxide Handbook", ed. C, V. Samsonov, translated by C. N. Turton 

and T. 1. Turton (Plenum, New York; 1973). 

...-...... 



TABLE I.l (xl). MODULUS OF NORMAL ELASTICITY OF OXIDES 

Oxide Temperature, Modulua, 

°C GN/m8 

AljOj 0 377 

500 358 

1000 314 

1250 265 

1500 160 

SiOa 20 66.7 

TiOg — 88.3 

FeO 800 1.079 

1.177 

ZrOg 20 168.68 

300 135.34 

465 127.49 

570 115.72 

850 113.76 

1050 113.76 

1225 104.93 

1360 94.15 

Data from "The Oxide Handbook", ed. G. V. Samsonov, translated by C. N. Turton 

and T. I. Turton (Plenum, Kow York; 1973). 



TABLE I.l (xii). PHASE DIAGRAM INFORMATION FOR 
METAL-OXYCEN AND METAL-SULPHUR SYSTEMS 

(a) AJ^O: The only stable oxide appears to be Alj03, and K. Torkar, H. Krischner, 

and H. Biegler, Monatsh. Chem. 94 (1963) 110, conclude that structures other 

than ítAIjOj (corundum) are stabilized by foreign atoms or radicals. The 

generally accepted melting point of A1S03 is 2044 + 40C, but S. J. Schneider, 

Nat. Bur. Stand. (U.S.) Monograph 68 (1963) 31 pp, prefers the highest 

reported value of 2072°C. There is little information on the solubility of 

oxygen in A1: Hansen suggests it is probably close to 0.003 wt%. 

(b) A]_^S: Hansen considers that only one sulphide is stable, with a composition 

at room temperature of A18S3. However, the homogeneity range at elevated 

temperatures is wide, including the composition A1S, at which there is a 

maximum in the melting point. AlaS3 melts at 1100 or 1130°C, and appears 

to lave an allotropie transformation at about 1000¾ from a low-temperature 

hexagonal form to a high-temperature form with a rhombohedral corundum 

structure. 

(c) Co-0: There are three cobalt oxides, CoO, Cos04, and Co?03, the last of 

which appears to exist only as a hydrate, Co#03. x HgO. At 900°C, Cos04 

decomposes to CoO. Both the lower oxides have a range of stability at 

lower temperatures: 56.7 - 58.5 at.?. fi>r Cos04 and 50.0 - 51.7 at.7. 0 for 

CoO; above 1000oC only stoichiometric CoO exists; it melts at 1810°C. The 

solubility of O in liquid Co is 0.20, 0.28, 0.38, and 0.52 wtZ at 1550, 

1600, 1650, and 1700°C, respectively. 

(d) Co-S: There are five cobalt sulphides. Co4S3 is formed in a perltectlc 

reaction at 975¾. and CogS, in a perltectoid at 830¾. A phase labelled 

CoS exists over a fairly wide homogeneity range, melting congruently at 1178UC. 

Co3S4 is stible up to about 670°C; lower values appear to be due to impurities. 

CoS j is formed by a perltectlc reaction at approximately 950¾. There is a 

eutectic at 880¾ between Co4S3 and Co. The solubility of sulphur in Co 

is very small. 

(e) ££^2: The only oxide in the range Cr-Cre(^ is Cr,03, with a melting point 

of 2424 + 10°C and a rhombohedral structure. The solubility of oxygen in 

Cr is; 0.043 at.7 0 at 1500°C, 0.023 at.7 0 at 1400°C, 0.011 at.7 0 at 

1300¾, 0.005 at.7 0 at 1200°C, and 0.0025 at.7 0 at 1100°C. Cr03 decom¬ 

poses at high temperatures, and a series of oxides intermediate between 

Cr03 and Crt03 have been reported. Most Important of these is the 

ferromagnetic, rutile structure, Cr0a. 

(f) £¿¿S: Several sulphides exist: CrS, CrTS,, CrBS,, Cr3S4, and two com¬ 

positions near CrtS3. There is a eutectic between CrS and Cr at 1350°C, 

43.9 at.7 S (32.5 wt7 S). CrS melts at about 1565°C. 

(g) Fe-0: Three oxides exist: FeO is formed by a perltectlc reaction at 

1424°C, and decomposes by n eutectold reaction at 570°C. Fe,04 melts 

at 1597 C, and Fe803 decomposes at 1457°C, The solubility of oxygen In 

Fe is very small. FeO has a relatively wide range of stability, from 

51.2 to 52.9 at.7 0 at 1000¾. 



(h) £ti: FeS haa a fairly wlda atablllty range and melta congruently at 

1190°C. There la a eutectic between FeS and Fe at 988°C, 44 at.Z 8 

(31 wtW). Fe S# exlata In two nodlflcatlona, marcaalte at low tempera- 

turea, and pyrite at high temperaturea; the tranaformation temperature la 

approximately 350°C. FeS, decompoaea on heating, probably at about 740°C. 

6Fe dlaaolves up to 0.31 at.% 8 at 1365°C; YFe dlaaolvea a maximum of 0.09 

at.7. 8 at 1365°C; the maximum aolublllty ln »Fe la 0.035 at.T S at 913°C. 

(J) Uisfi: Only one atable oxide la formed: HfO,, which undergoea a tranaltlon 

from a low temperature monocllnlc form to a tetragonal form at 1450-1700°C 

(there la a wide variation In the reaulta quoted in the literature). The 

oxide melta at about 2800°C. Hf dlaaolvea a conalderable amount of oxygen, 

which atabillcea the cph » modification; the maximum aolublllty ln »Hf la 

21 at.7. at 2180°C; the maximum aolublllty in 0Hf la 5 at.X at 2000°C. 

(k) JlfcS: Several sulphide» have been reported: HfS, (monocllnlc), HfS, 

(hexagonal), Hf,Ss (hexagonal), HfS (cubic), Hf,S (hexagonal), and 

Hf~,S (not Indexed). 

(l) Several oxides have been reported: MnO, which haa NaCl atructura, 

and exlata over a fairly wide homogeneity range from 50-53 at.X 0; Mn304, 

which la face-centered tetragonal, related to the aplnel atructure at 

temperaturea below 1160 C; Mn,03, which haa a bcc form and a tetragonal 

form; MnO,, which exista In at leaat five different forma; MnO,, whoae 

exiatence la uncertain; and Mn.O,, which la a liquid at room temperature 

and preaaure. MnO melta at about 1850°C; Mn,04 melta at about 1570°C; 

Mn,0, dlaaoclates at about 880°C. 

(m) Mn-S: Two sulphides, MnS and MnSy are formed. MnS has a stable NaCl atruc¬ 

ture, and two unstable forma are also reported; It melta at 1610°C. MnS, 

la Isotypic with FeS,. 

• 

(n) ilfiifi: There are two principal oxides, MoO, and Mo0,, but in addition, 

there Is a series of oxides extending from Mo40u to MojgO,,. MoO, la 

monocllnlc. Mo03 la orthorhombic and melts at 795°C. The solid solubility 

of 0 In Mo Is 0.018 at.7. (0.003 wtT) at 1649°C. 

(p) JjgjS: Several sulphides have been reported. MoS, la amorphous, and on 

heating above 200°C, It yields hexagonal Mo,.,,8,. MoS, la hexagonal, and 

there Is a very wide variation in opinion about Its melting point, from 

1185°C to over 1800°C, possibly as high as 2375°C. Mo,S, Is monocllnlc, 

and does not appear to be stable below 605°C. 

(q) fliifi: Several oxides are formed. Na,0 la fee and melts at 920°C. Na,0, 

la hexagonal below 512°C, where It transforms to a hlgh-temperature modi¬ 

fication; It melts at 675°C. Na,0, la tetragonal. NaO, la fee above 

-50 C. The oaonlde, NaO,, la body-centered tetragonal. The aolublllty of 

oxygen in liquid Na Increases from a very small value at 200°C to 

0.25 at.% 0 at 500°C. 

(r) lildL: Na,S, melta at 230°C, and decomposes to Na,Sla, on heating above 

550°C. This sulphide melts at 460°C, and on heating above 1260% dlaaoclates 

to Na,S|, 3,, which solidifies over the range 650-830°C. 



(s) Nb^ There are three stable oxides: NbO is cubic (NaCl) and melts at 

1945 C; NbO, is tetragonal, related to rutile, and melts at 1915°C: Nb80s 

is polymorphic, but it is possible that only one of these, a monoclinic 

structure, is stable; the others being either imperfectly crystallized or 

stabilized by impurities. Nb,0B melts at 1491°C. The solubility of oxygen 

in Nb rises from 1 at./, 0 at 700 C to approximately 9 at.5! 0 at 1915°C. 

(t) Nb^S: Nbs, is monoclinic. NbS. is rhombohedral below ~a00°C, and hexagonal 

up to at least 1050°C. Nbj^S, (x * 0.12 - 0.25 at 1100°C, 0.12 - 0.5 at 

8001 C) is rhombohedral. Nb^S, (x - 0.30 - 0.43) is hexagonal, stable 

above ~1000°C. Nbj^S, (x = 0.0 - 0.3), stable below 850°C, is hexagonal. 

NbSt.x * '•) is hexagonal, NiAs-type. 

(u) Ni^O: The principal oxide is NiO, which exists over a narrow homogeneity 

range with a NaCl structure above 200°C; it melts at 1984°C. There is a 

. -tectic between NiO and Ni at 1438°C, 0.87 at.’/. O. The solubility of oxygen 

1:. Ni is 0.073 at.% 0 (0.020 wt7) at 000°C; 0.044 at.7, O (0.012 wt7) at 

12001C. NigO, has also been reported, although other authors have not been 

able to prepare It; and NiO, has been prepared under "high pressures 

(v) 
N^S- Several sulphides are f.rmed. Below 550oC, a low-tempera ture 

rh.mbohedral form of Ni,S, exists with a very narrow stability range; 

above this temperature, it transforms to a hexagonal form with a wide 

stoichiometry range (from ab, ut 36 at.’/ f to 44 at.7 S) which is formed 

in a peritectic reaction at 806°C. There is a eutectic between this 

phase and Ni at 637°C, 33.4 at.7 S. Nl7Ss transforms from a low- 

temperature orthorhombic (?) form, to a low-symmetry for,-., at 400°C; it 

decomposes at 573°C. The 1ow-temperature rhombohedral form of NiS 

transforms to a NiAs structure at about 300°C, which melts at 992°C. 

Ni3S4 is fee and decomposes at 303°C. NiS, is fee, FeS,.pyrtte type, and 
melts at 982^0. 

(w.i ¿L^O: SiO, appears to be the only solid ox 

tropic modifications: 8-quartz to ^-quartz 

867 C. to Cristóbal ite at 1470t>C; the oxide 

three forms are all hexagonal; Cristobal ite 

vapor, but it is not well established that 

ide, existing in four allo¬ 

at 573r>C, to tridymite at 

melts at 1723 C. The lower 

is fee. SiO exists f„ a 

it is formed as a solid. 

Sj^S: Two sulphides are formed. The sulphidation of Si always produces 

SIS,, which melts at 10901>C and boils between 1100 and 1200°C. SIS can 

be prepared by reaction with SIS, and Si under vacuum at 850^: it sublimes 

at about 960cC 

(y) la^: There is only one stable oxide, Ta,Oe, which is probably ortho¬ 

rhombic, and melts at 1870PC. There is a eutectic between this and 

tantalum at about 50 at.7 0. The oxygen solubility of Ta is approximately 

1 at.7 0 at 700°C, rising to 4 at.7 at 1500°C; there are some discrepan- 

cies between the various authrrs. 

(,) SeveraI sulphides have beer, reported. Ta 3ss, is hexagonal , 

and is in equilibrium with Ta. Ta-,., S, is rhombohedral; Ta^.^S, is 

also rhombohedral. Five compounds, al 1 having the approximate composition 

TaS,, have been reported. TaS, has been identified. 



(aa) VM): WOr la monocllnlc, and decomposc-s at 1530^ to W + Wli049, which 

decomposta eutectoidally at 550°C to give WOj + WeoOgi; thia latter oxide 

alao decomposes eutectcldal ly at 420°C to WOj, + W0a. W03 exists in 

several allotropie modifications; it melts at about 1470°C. 

(bb) W^S: WSp is usually hexagonal, but a rhombohedral form Isotypic with 

rhombohedral MoSs can be prepared. It melts at about 1800°C or higher. 

WSs can be prepared by chemical means, but is always amorphous; it 

decomposes to WSg + S at 270-500°C. depending on the atmosphere. 

(cc) Zr-0: There is only one stable oxide, ZrOs, which transforms from a low- 

temperature monoclinic form to a tetragonal modification at 1000°C. It 

is possible that there is a further transition at 2285°C, possibly to fee. 

The oxide melts at 2700°C, There is a eutectic between this oxide and the 

->-Zr solid solution at 1900°C, 41 at.7. 0. Oxygen stabilizes to eph '»•Zr, 

which dissolves 33 at.7 0; the maximum solubility in B-Zr is approximately 

13 at.7 0 at 1940°C. 

(dd) Zr-S; ZrSs is monoclinic, and disproportlonates above 700°C. ZrSs is 

hexagonal . and melts at about 1550°C. There appears to be a phase exist¬ 

ing over a fairly wide stoichiometry range about ZrS, with a structure 

based on NaC!. 

The phase diagram Information has been extracted from: 

"Constitution of Binary Alloys", M. Hansen and K. Ancherko, 2nd Ed. 
(McGraw-Hill, New York; 1958). 

Constitution of Binary Alloys: First Supplement", R. P. Elliott 
(McGraw-Hill, New York; 1965). 

"Constitution of Binary Alloys: Second Supplement", F. A. Shunk 
(McGraw-Hill, New York; 1969). 



TAbLF T l (xi 11 ), 
phask diagram information for systems 
INVOLVING OXIDES, CHLORIDES, AND SULPHATF5 

(a) £SP-Cra0a: There Is a eutectic between CaO.CrsOs and ^aO.ACrO, .Cr.O, at 

about 547 CrjOji, I022‘'c. 

(b) NajO-TlOj: There is a eutectic between NasTl30, and NagTi60u at 985°C. 

(c) NagO-NbgD^; There is a eutectic between 

975 C, but to the NbgOs rich side of the 

below 1220^0. 

3NajO.Nbj06 and NaaO.Nba05 at 

diagram, no liquid is formed 

<d) 

(e) 

( f) 

(g) 

(h) 

(J) 

(k) 

(1) 

(m) 

(n) 

: Tht‘rt- is a eutectic between Naa0.4Mo0a and Mo03 at 510°C, 

and several low-melting point compounds are formed: Naa0.4Mo03 and 

Nas0.3Mo0, ar.. formed in peritectic reactions at a little over 50(J°C; 

Naa0.2Mo03 melts at blO°C, and NarMo04 melts at 690°C. 

Na-.0-W0, ; NaP0.4W0, is formed in a peritectic 

•Va.0.2W0, melts at 730<'c, and Na.W04 melts at 

between Na.O.áWO, and Naa0.2W0, at 725°C, and 

Na?W04 .-1 625* C. 

reaction at 785°C; 

700 C. There is a eutecti 

one between Naa0.2W03 and 

c 

..afSP4-CoS04 : Three Intermediate compounds: 

and Naj,S04.3CoS04 are found. Na-S04 ,CoS04 is 

reaction at about 570°G. 

3NaaS04.CoS04, Na#S04.CoS04, 

formed in a peritectic 

Na?s0^-MgFO^: Three intermediate compounds with mt-lar ratios 3:1, l-l 

and 1:3 are formed. There is a eutectic between the solid solution of’ 

MgS04 in NaaS04 and NaaSt>4.3MgS04 at about 660°C, 45 mor/! MgS04 . 

^aS,0A‘MnS{)i: Two intermediate compounds with molar ratios 3:1 and 1;3. 

There is a eutectic between the extended solid solution of MnS04 in 

NaaS04 and 3MnS04 ,NaaS04 at 650°C, 45 mol7. NaaS04 . 

■^»S0a~XiS0«: Three compounds are formed having molar ratios 3:1, 1:1, 

and 1:3. There Is a eutectic between the extended solid solution of 

NiS04 in NaaS04 and NiS04.NaaS04 at about 670oC, 35 mo 17 NiS04. 

NaCNCoC^: Eutectic at about 547 CoCla, 360°C. A compound 2NaCl.CoClf 

is reported which dissociates just below the eutectic temperature. 

Nad-MnGIg: MnCla.4NaCl is formed by a peritectic reaction at 458°C. 

Mr Cla.2NaCl is formed by a peritectoid at 437°C. NaCl.MnCla is formed 

by a peritectic at 428°C, and NaC1.2MnCla is formed by a peritectic 

reaction at 448°C. Between 2NaCl.MnCIa and NaCl.MnCla there is a eutectic 

at 420°C, U7 mol7 NaCl. 

NaCl-N1C1a: There is a eutectic at 507 NaCl, 560°C. 

NaCl-MgCI,»; NaCl.MgCla is formed by a peritectic reaction at 465°C, 

and 2NaCl.MgCla is formed by a peritectic reaction at 485°C. Between 

these two is a eutectic at 450°C, 47 mol7 NaCl. 



(°) NaCl -NagSOA : Tht*rt' is a eutectic at about 05 mol7, Na?Sf>4, 6J0°C. 

(p) NaCl-CoS0A: An intermediate compound, NaC1.2CoS04 is formed in a peri- 

tectic reaction at 650°C, and there is a eutectic between it and NaCl at 

4iO°C. 

(¾) Na?S0t-NagCr04-NagMo04 : A c.mplete range of s, lid solutions is formed. 

The minimum on the llquidous surface is on the NajS04-Na8Mo04 binary at 

30 mol Z NagS04, 672°C. 

(r) NagSQ4»NagCr04-NagW04: A complete range of solid solutions is formed. 

There is a minimum on the NagS04•NagW04 side at 257 NafS04> 655°C; and 

another on the NagVI04-NagCr04 side at 157 NagCr04 , 67 40C. 

(s) Na;!S04-Na?W04-Na5Ho04 : Complete range of solid si!utions--val ley connects 

to minima on the Na¡,S04-Na?W04 and NarS04-Na:,Ho04 binary sides. 

(t) NaCl-CoS04: NaC1.2CoS04 is formed in a peritectic reaction at 660PC, and 

there is a eutectic between this and NarClg at 53 mo17 NajClj, 430'c. 

(u) NaCl-NiSO^: NaCl.2NiS04 is formed in a peritectic reaction at 770oC, 

and there is a eutectic between this and Na.Cls at 60 mol7 NasCl,, 500°C. 

NaCl -SagCrO^*: There is a eutectic at 572°C, 78.5 equiv"/ NagCr04. 

ÍW* NaCl -NagMoQ4*: An intermediate compound, NaCl.NagMo04 is formed. There 

are eutectics between this and NaCl at 628°C, 58 equiv’4 NagMo04 and 

between this and NagMo04 at 606°C, 81 equivl: NagMo04. 

These data are mi^stly from "Phase Diagrams for Ceramists" and "Phase Diagrams 

for Ceramists - 1969 Supplement", E. M. Levin, C. R. Robbins, and H. F. MacMurdie 

(American Ceramic Society, Columbus, 1964 and 1969). The data marked with an 

asterisk (*) are from "Handbook of Solid-Liquid Equilibria in Systems of 

Anhydrous Inorganic Salts, Vols. 1 and 2", ed. N. K. Voskresenskaya, Akad. Nauk 

SSSR, Inst. Obshch. Neorg. Khim. im N.S. Kurnakova (1961) (Translated by 

Israel Program for Scientific Translations, Jerusalem, 1970), 



SECTION 2. PREDOMINANCE DIAGRAMS 

The following pages present a number of predominance phase diagrams 

which show thermochemical Information relating to the stability of phases in a 

convenient graphical representation. It should be remembered that the solid 

and liquid phases are assumed to be at unit activity. 

The sources for these diagrams are: 

S. A. Jansson and E. A. Gulbransen, In "High Temperature Gas-Metal Reactions in 

Mixed Environments", ed. S. A. Jansson and Z. A. Foroults, Proc. AIME 

Symposium, Boston (1972) 2. 

J. M. Quets and W. H. Dresher, J. Materials, ¿ (1969) 583. 

T. R. Ingraham, Cañad. Met. Quarterly, ¿ (1964) 221. 

J. A. Goebel, F. S. Pettit, and G. W. Coward, Met. Trans., ¿ (1973) 261. 

I. G. Wright, B. A. Wilcox and R. I. Jaffee, "Oxidation and Hot Corrosion of 

N’i-Cr and Co-Cr Base Alloys Containing Rare Earth Oxide Dispersions", 

Final Report to Naval Air Development Center on Contract N62269-73- 

C-0327 fApril 1974). 
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riCl'U I*2(kv11 ). VOLUM DIAGRAM FOR Nl-S-0 SVSTIM A1 TEMPERATl'RIS 

AND 1600K (1160 and 2420 F) Sectlcn A-A appear» ai 
Figure U2(xta) (Ouata and Draaharl 

FIGURE I>2(xvllt). PREDOMINANCE VOLUME DIAGRAM FOR Co-S-0 SYSTEM AT TEMPERATURES 

BETWEEN BOO AND UOO G (H72 and 2S52_F) (from Ingraham) 
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Sj-1600 K (2420 F) 

NiS 

0 - /\ 
•"A / \ 

-IS -K) -» 

MCI'«* 1-2(0111). A COM)'AAI SON Of THE PREDOMINANT PHASE DIAGRAMS OF THE SYSTEMS 

Nl-S-0 AND Na-S-0 INDER THE CONDITION THAT Cr,0, HAS REACTED 

WITH N*#0 í^uet!. and Drestur) 

riCUAE I-2(xxlv). VARIATION OF N*,0 PHASE FIELD WITH ADDITION OF 

METAL OXIDES AT 1J0(1|( (guet, 
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SECTION 3. CONSTITUTION OF THE ATMOSPHERE 

IN THE CAS TURBINE 

A calculation ot the composition of the atmosphere in an aircraft 

gas turbine has been presented by J. C Tschlnke! (Corrosion, ¿8 (1972) Ibl). 

The fuel was represented as CHj>?, which is typical for a marine diesel fuel. 

It is remarked that the data on salt concentration in the air over the sea vary 

from 1.5 ppm measured at 20 feet above sen level to 0.01 ppm at several thousand 

feet. 

Figure I-3(i) shows the calculated S03/S0| ratio as a function of the 

fuel-to-alr ratio ; the air inlet temperature t< the co- ' ustor is assumed to 

be 600 F. Figure I*3(ii) shows the equilibrium flame temperature as a function 

of ï for air ini -t temperatures of A00 and 600 F. Figure I-3(iii) shows the 

calculated equilibrium composition of the flame gas as a function of c. assuming 

0.5 wt’< S in the fuel and 5 ppm NaCl in the air, the total pressure being 200 psla. 

Actual analyses of turbine exhausts showed that the SO, content was 

much less than that expected, varying from less than 0.001 of theoretical for a 

low power setting with ç ^ 0.0064¾ to 0.004 of theoretical at a high power setting 

with e “ 0.01560. 

Figure !*3(iv) shows the relative distribution of sulphur and sodium 

among their species as a function of temperature for the gas conditions shown 

in Figure 1-3(111). 



,?s 

Figur« 1.3(1). SO3/SO2 aol ratio va 
F/A ratio (c). Full Un««: nachlne 

computed, and daahed linca: hand 
calculated. 

Figur« 1.3(11). Equllibrlua flaac 
temperature va F/A aaai ratio (e). 



Flffure Equilibrium comp- 
oHitiun of flume pas vs F/A ratio. 

(a) * major constituents, and 

(b) = minor constituents. 

O.I#«u 10] • IHaCi . «,0 N'.jlOa, • IKCI 

• •••Cl • «je •••Om • NCI 

» ÍHaO" • iC, N«)t0c*M}0 

• '0|• ,0| 10} 

Figure 1.3(iv). Relative distribution 

of sulphur and sodlua among their 
species as functions of temperature 

for the gaa conditions shown in 
Figure 1.3(111), Ordinate: 

*S03/<*S03 ♦ *SOa>¡ *S02/(*803 ♦ 
*802) “n<J f - 2 X NaaSOg/ x Na; 
xNaOH/ x Na; x NaCl/x Na; x NaCl ♦ 
2 x Na2S04 + xNaOH. 
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SECTION 4. VAPOR PRESSURE AND CONDENSATION 
OF SODIUM SULPHATE 

Since it Is generally accepted that hut corrosion requires the 

presence ot a Condensed salt layer <n the metal surface, the conditions 

under which this may be expected are clearly of importance. The acuai com¬ 

position of the salt varies somewhat with operation pattern: Table I-4(i) 

shows the results of the analysis ot a number of components from Pratt and 

Whitney engines^ V 

Source 

TABLE I-4(i). DEPOSITS ON TURBINE AIRFOILS FROM 
AIR LINES (Operating Time 1000 to 500C 
Hours) (Tschinkel 

Part 
Ana 1yzed 

Micregram Per I’iece 
S('4 Ca Na Mg Si 

1 

¿ 

5 

6 

7 

8 

9 

10 

V 
H 

V 
V 
B 
V 
B 
V 

V 
B 

V 
B 

V 
B 

V 
B 

V 
B 

B 
Coastal 

1900 
900 

17 50 
1700 
1570 
410 
720 

4000 

1200 
800 

1800 
710 

1000 
300 

2270 
540 

1250 
000 

270 
350 

210 
250 
520 
500 

200 

200 

200 

300 

500 

350 

500 

250 

50 

50 

165 

150 

100 

180 

170 

20 250 

20 20 

20 20 

20 

60 

50 

1.2 me qy. cations 

meqv. S04 

Cations, relative meqv. 

Ca 577, 
Na 337. 
Mg 107 

However, it appears that sodium sulphate is the component responsible for the 

hi t ci rrosion attain, and calculations have mainly been concerned with estimating 

the conditions under which this will condense: it is possible that the real 

condensation condition for the actual salt deposit may be different. 



4: 

The problem seems tc have been examined first by DeCrescente and 
(2) 

Bernstein , who first calculated the dew point of NaCl, using the published 
(3) 

vapor pressure data (Figure 1-4(1)) and concluded that In the hot section 

of the turbine NaCl would be In the vapor phase. Next, they pointed out that 

the sulphatlon reactions 

2NaCl + SO, + 1/2 0, -t H,0 - Na,S04 + 2HC1 

2NaCl + S03 + H,0 - Na,S04 + 2HC1 

would go virtually to completion under the conditions encountered In the gas 

turbine, and calculated the dew point assuming complete conversion to Na,S0, 

using the vapor pressure data of blander and Olsson*^ and of Kroger and 

Stratmann^. The results are shown In Figure 1-4(11) in terms of the con¬ 

centration of NaCl In the intake air. 

As a check, six superalloy specimens were exposed In the Pratt and 

Whitney burner rig at 900 C, with a synthetic sea salt concentration of 3.5 ppm 

in the intake air for 157 hrs, and the deposits were analyzed for Na+, SO,", 

and Cl . The results are shewn in Table 1-4(11) which Indicates that sulpha¬ 

tlon did appear to have gone to completion, with very little chloride in the 

deposit. 

TABLE 1-4(11). CHEMICAL ANALYSIS OF SULFIDATION BURNER RIG 
SPECIMENS (DeCrescente and Bernstein^)) 

Mol es 

Specimen Na+ x 10J SO,“ x 103 Cl* x 106 Na/SO, 

1 

2 

3 

4 

5 

6 

0.675 

0.348 

0.387 

0.457 

0.424 

0.457 

0.313 0.745 2.16 

0.178 0.653 1.96 

0.207 3.34 1.88 

0.228 0.453 2.00 

0.219 0.653 1.94 

0.238 0.607 1.92 

Some experiments were performed for Pratt and Whitney Aircraft by 

Quigg and Schirmer using the Phillips Environmental Simulator to study the 

effect of pressure on the dew point and to examine the chemistry of the deposita 

on three nickel-base auperalloys. The teats were for 100 hra at 900 C, using 

0.1 ppm synthetic sea salt In the air. The results are summarized In Table 1-4(111) 

from which it seems clear that there was condensation at 15 atm pressure but not 

at 1.5 atm. However, DeCrescente and Bornstein pointed out that In terms of their 

calculations, condensation should not have taken place under either of these 

conditions or Indeed In the PWA burner test, and speculated that this might be 

due to Inaccurate Na,S0, vapor pressure data, temperature gradients in the 

specimens, irregular distribution of the salt in the flame, or a lowering of 

Na,SO, vapor pressure by the formation of complex salts. 
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TABI.E 1-4(1 il). CHEMICAI, ANALYSTS OK SOLUBLE DEPOSITS 
(DeCrescenLo and Bornsteini^)) 

lime lem|t. 
\llo* Ht«. \ 

ftevmtv Uti|{iii I 4im( 1 * IHrimtil Anjlyart Oigl r«/Na<Ji 
\lm mg/vm1 Mi* l à" Mg* SO«” Molar Kaliu 

Vij%|*alo>oi 100 *HH) 
l ’OO 100 900 
H l -MMI KM) 900 

I S 
I 5 
I ) 

3 93 16 39 6 ml (14) 
: 9» -.- 
0 91 -.- 

I TOO 
II 1900 

H7 5 9(HI IS 
H? S 900 IS 
H?.S 900 IS 

10 4M 1720 630 
6 44 H90 225 

170 HI 5 107 

112 SIMO 0 21 
100 26MO 0.I4S 

2h 1570 0.076 

U .| ,|'4l*'> 

I TOO 

II 1901 ! 

100 900 IS 
100 900 IS 
100 900 !' 

Il I 
10 2 
17.0 

- .it ' d vjliu.,|u ,il!> di M .île.I ui IuhiI Nj< Ml. 

i . S. ".'I in Miithctk ira salt 

Hguro shows an extension ot Quigg and Sehirmer’s study 

ot Ihi oftoct ct pr.'ssurt' on . on in the Phillips ris irom wliich it 

.ippt.irs that tin dew point Í r 10 ppm sea salt in Che air at 15 atm pressure 

i-. shout 180U F (‘>82 C), which is net inconsistent with DeCrescente and 

Bernstein. The dew point for 1 ppm sea salt is 1400-1500 F (760-816 C), which 

a s: a i n, is rut too tar Irom tin- simple calculations. However, Figure l-4(iii) 

dtus not sum consistent with the data from the same rig quoted by DeCrescente 

.mil Bernstein and shown as Table I-4(iii). 

Later, Quigg et al.* ^ examined the effect of the fuel sulphur con¬ 

centration in the deposit chemistry. Table I*4(lv) summarizes the results, 

TABLE l-4(iv). SUMMARY OF ANALYSES FOR SOLUBLE SODIUM AND 
SULPHATE IONS IN SCALE COMPOSITES (Quigg et al. 7)) 

Fuel 
Sul phur, 

Wt t. 

0.0004 0.24 0.10 10.0 2.0 

0.004 0.75 0.94 T.j 2.0 

0.04 0.84 1.44 2.4 2.0 

from which it: appears that sulphatlon may be incomplete at very l.w fuel 

sulphur contents, but is substantially complete at realistic sulphur levels. 

The salt C'ncentration was 1 ppm fer these tests. Figure l-4(iv) presents 

the same data In graphic fi rm. 

Tschinkel* 7 also considered the condensation of Na,SO^. Figure I-4(v) 

presents the vapor pressure data for NaCl and Na#S04, and ischlnkel conducted 

some simple transpiration experiments, concluding that above 1000 C the data 
(41 

if Liander and Olsson would become inaccurate due to dissociation of the 

Na4S04 vapor, the effect depending on the atmosphere in which the test is con¬ 

ducted. Tschinkel recalculated the condensation conditions allowing for tho 

dissociation, but continuing to use the former vapor pressure data, for lack 

of more reliable values. Figure I-4(vi) shows , the condensed fraction of 

the NatS04 present as a function of temperature, and hence as a function ot 

fuel-to-alr ratio ç (see previous section). He conments that condensation 

temperatures (dew points) arc lower by 70 C at most than the intersection of 

these curves with the abscissa (y « 0). 

Ci ncentration in 
Scale Composite, wt 

+ 
Na SO, 

Molar Ratio: Na/S0. 

Experiment a I Theoretical for Na8S04 

UsaWIUMaiMHUMdlMllHNIMUU 
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(H) 
Condí discussed both the conditions for condensation and the 

kinetics of sulphation and evaporation of sea salt aerosol particles. 

Tables I*4(v) and I-4(vi) present the dev point calculations for both NaCl, 

using the data of Zlm and Mayer*9\ Duffin*l°\ and Bishop et al/11*; 

and Na,S04, using the results of Llander and Olsson*4*, Kroger and Stratmann(5\ 

and values calculated from those of Bishop et al.: these last result In signi¬ 

ficantly lower dew points. 

TABLE l-4(v). NaCl DEWPOINT TEMPERATURE BATA (Condi(8)) 

NaCl Concentration 

nm Hg ppm 

Dewpoint Temperature °C 

(9) (10) (11) 

0.25 

0.11 

0.005 

3.8xl0*4 

3.8x10*' 

3.8x10** 

660 

290 

145 

1 

0.1 

0.01 

775 

747 

718 

567 

517 

456 

749 

705 

676 

760 

793 

707 

TABLE l-4(vi). NaaS04 DEWPOINT TEMPERATURE DATA 

(Condi(8)) 

NaaS04 Concentration 

ran Hg ppm 

1.53x10** 

1.53x10** 

1.53x10** 

1.53x10*' 

1.53x10*' 

100 

10 

1 

0.1 

0.01 

Dewpoint Temperature C 
,.v Derived from 
W W (U) 

883 

727 

612 

514 

437 

884 

814 

758 

707 

654 

827 

687 

612 

492 

422 

Condi also remarks that recent rig tests in the United Kingdom have 

shown that deprsition can take place at a sea-salt concentration of 0.1 ppm at 

blade temperatures as high as 900 C at slightly above 1 atm system pressure. 

He points out that In practice deposits may also result from impaction of 

unevaporated aalt particles as well as by condensation. Figure I-4(vli) ahows 

the evaporation times measured by Sarans^* for NaCl and NaaS04 droplets, and 

Figure I*4(vill) shows the kinetics of gas-phase sulphation of sodium chloride, 
(13) 

from Hanby and Beer The residence time in the gaa turbine la approximately 

5 ms, so it is apparent that both processes may well be Incomplete. 

A further study of the vapor pressure of sodium sulphate using a Knudsen 

effusion technique In the temperature range 560-1000 C In vacuum has been pub- 
(14) 

Ushed by Powell and Wyatt , who present Figure I-4(lx) comparing their 

results with references 4 and 5, and also data from Eybe/15*, Terres*16*, and 
(17) 

Bruckner There are plainly some significant discrepancies, but Powell and 

Wyatt do not consider that dissociation processes can have played a significant 

part in their experiments. 

aWHMihttuJaMiaMNiataiaainÉNiaBSss^MMM^MMaMiMiMMi^^MMiMiA^^^Maemas! 



( 18 ) 
KryxelI et al. have also recently determined the vapor pressure 

ot sodium sulphate in the temperature range 954-1204 C, using a transpiration 

method with air as the sweep gas. They, too, believe that Sa,S04 is essentially 

undissociated in this temperature range. H.wever, they show evidence to suggest 

that reagent-grade anhydrous sodium sulphate contains significant amounts of 

an acid impurity, probably NallSO* , which could decompose easily at these tem¬ 

peratures. It also proved necessary to correct for weight loss of the 

Platinum crucible. Figure t-40,) shows their new results, which they regard as 

thermodynamically more probable than those of References 4 and 5, since the 

int ropy ti vaporization is 27.6 cal/dog. mole, as opposed to the 4h.5 cal/deg. mil ( 

of Kroger and Stratraann and 7.0,, cal/deg. mole of Uander and Olsson. Troutm-s 

rule says that the entropy of vaporization should be 23.0 cals/deg. mole, and 

Kr most materials values between 21 and 24 cals/deg. mole are observed. 

Bessin and Fryxoll*^*^ have used this new vapor pressure data to cal' 

culato the dew point for Ha,S04 , both under the condition where the NaCl in 

the sea salt is completely sulphated and under the condition where no sulphation 

takes place, and only the 12 percent NapS04 naturally present in sea salt is 

regarded as condensing. The results are shi wn in Figure I-4(xi) which repre¬ 

sents very much higher dew ooints than those of the earlier authors. Recalling 

that condensation is observed at 1050 F, 1 atm. pressure with Ü.1 ppm sea 

salt, it is plain that these curves are a great deal closer to experience than 

the previous results. 
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Figure I.4(v). Vapour pressure ol 

Na2S04 vs température. Measured 

by blander and Olson ^ In 1937, 
and Kroger and Stratnan In 1661 
Also: vapour preasure ot NaCl, and 
measured decomposition pressure of 

Na2S04. (Tschlnkel (D). 

Figure 1.4(vl). Condensed fraction 

of undlssoclated NajSO^ vs temper¬ 
ature and NaCl (content In air). 

(Tschlnkel 

Figure 1-4.(vll). Evaporation times for 

NaCl and NagSO^ droplets. (Ref. 12). 
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Figur* l-4(vlU). Ca* phase sulphatlon 
ot aodlun chloride (Ref. 13). 

Figure 1.4(lx). Vapour pressure data 
for NS2804, compiled by Powell and 
Wyatt (14). 

O
-
 



riClUE I-4(xl. VAPOR PRESSl'RE OF N»,Sr^ AS A FL'SCTIOS vT RECIPROCA!. TmFERATVRE (R»f. 18)

HGIRE I-i(xi). CONDENSATION TEKFERATl’RES FOR Na,SO^ AS FfNCTION OF CONCENTRATION AND 
PRESSIRE (R« f. 19)
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2- Oxidation and Hot Corrosion of Comercial Superalloys 

* u section presents a sutmary of information on the oxidation and corrosion of comercial 
nickel and cobalt base superalloys. Many of the original papers present results for several superalloys, 
and in these cases the results have been described in detail under one alloy, with a cross-referencing 
under the others. However, where a Figure or a Table relates only to one alloy, it has been included 
under that alloy, even if the general sumery of the work is elsewhere. So far as possible, all the 
original data have been presented, including metallographs of the attack since this is considered to be 
f1 rnP°^taf>t P“®«*** I" the case of hot corrosion. Mechanistic discussions have in general not been 
included, but any comenta relating to practical in-service experience have been reproduced verbatim. 

The nominal ccnpositions of the alloys listed are presented in a Table preceding the text, 
alloys included are«- 

The 

1. BI900 121 

2. BI9I0 144 

3. FSX 414. 
FSX4I8 147 

4. G64 148 

5. GMR235 150 

6. Hastelloy X 152 

7. IN 100 154 

8. IN 587, 589, 
597. 169 

9. IN 700 170 

10. 713 172 

11. IN 717 245 

12. IN 718 248 

13. IN 728 NX 249 

14. IN 738 25t 

15. IN 750 261 

16. IN 751 26i 

17. K2 261 

18. L 605 262 

19. Mar-M 200 269 

20. Mar-M 246 280 

21. M 252 289 

22. Mar-M 302 291 

23. Mar-M 421 297 

24. Mar-M 432 299 

25. Mar-M 509A 300 

26. Nicrotung 301 

27. Nimonic 75 301 

28. Nimonic 80A 302 

29. Nimonic 81 309 

30. Nimonic 90 311 

31. Nimonic 100 316 

32. Nimonic 105 323 

33. Nimonic 115 336 

34. PDRL 161 338 

35. PDRL 162 341 

36. PDRL 163 344 

37. RA 333 355 

38. Rene 41 357 

39. Rene 80 365 

40. S8I6 368 

41. SEL 370 

42. SEL 15 375 

43. TRW 1800 376 

44. TRW 1900 379 

45. U 500 380 

46. U 520 409 

47. U 700 411 

48. U 710 423 

49. Unitemp 1753 428 

50. Waspaloy 429 

51. WI 52 430 

52. X-40, X-45, 
(H53I) 445 

... 
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B 1900 

L. D. Graham, j. D. Gadd and R. J. Quigg, Hot Oorroaicr Prob lona Asaoclatad with Gaa Turbinea, ASM 
Special Tachnical Publication, STP 421, 1967, 106. 

See 71X for details. B 1900 ia very bad in both the HA burner rig at iaoo°F (982%) and a crucible 
test in 99« Na*»«- 1« NaCl at 1650% (900°c) > 1.6g loss in crucible, 4.5g loss in rig test. Far and 
away the warst of alloys tested - much wane than 713C. Mar M 302 and TM 1900 ware ranked overall 
marginally wane. Mar M 200 marginally better, at 1800% (982%). Rata of attack of B 1900 increased 
progressively with tnperature in this range. 

Authors remark that corrosion products (inply that it was the seme on all the heavily 
material) contained NiO and NijSj, together with nickel metal. Specimens of B 1900 with Al/Cr) 
also tested - good resistanoe. 

J. J. Walters, (AMOO/lyocming Division) Technical Report to the Air Force Materials laboratory, Wright- 
Patterson Air For» Base AfMLrTR- 67*297 (September 1967). 

Several alloys evaluated (71X, 713LC, UW 1800, B 1900, B 1910, Mar-M 200, FOR, 161, ¢00. 162, 
IN 738X, V 700, 0 710 and X 40). Rig tested airfoil-shaped specimens with 12Ch at peak apeciimn metal 
toiperatures of 1600 and 175CTT (871 and 955%) with salt/oorbustor inlet air rati» of 4 and 8 pan and 
fuel sulphur levels of 0.03 wt « (JP-4) and 0.16 «ft « (JP-4R). An additional test was run with JP-5 
fuel (0.16 wt I S). A second phase of the programe involved rig tasting specimens for 120, 240 and 
360h at peak metal tarperatures of 160Cr and 175CPF with a salt/air ratio of 4 ppn and fuel sulphur 
content of 0.03 wt I (JP-4). The alloys were prepared by vacuum Induction malting and casting into 
shell moulds. The tenperature distribution across the specimens was determinad using inserted pins. 
The rig used was the lyccming environmental test rig, having a ocnbustor capable of ganarating a high 
velocity (700 ft per second) gas stream to which artificial sea water is added. The speclmns were 
fixed in a holder mounted on a water-cooled shaft rotating at 1000 rpm. After 10 min at tanperature the 
specimens were cycled out of the ambustión gas stream and allowed to air cool; this cycle was repeated 
until the required total time at tenperature had been conplatad. The air/fuel ratio was maintained on 
the oxidising side of stoidüonetry, varying between 25/1 and 34/1. 

After the test each specimen was visually examined for the extent, nature and location of sulphidation. 
Depth of attack measurements ware made on sections cut at 0.25, 1.0 and 1.5 in from the tip of the 
specimens. The amparisona ware made at the points where the sections intersect the tenperature 
isotherms plotted at 25% Intervals. In the evaluation of the 1600% test, the | in. section inter¬ 
sected the 1450, 1475 and 1500% isotherms; the 1 in section crosses the 1525, 1550, 1575, art 160OT art 
the 1½ in section intersects the 1475, 1500, 1525 art 1550% Isotherms. For the 1750% test, the 
equivalent contours intersected were 1700, 1725 art 1750% at h in; 1675, 1700, 1725 art 1750% at 
1½ in. The scales ware identified by X-ray techniques, art the alleys were also subjected to microprobe 
analysis; three areas ware looked at on each alloy; (1) Initial attack - oxidation had taken pie» art a 
vary narr» depleted zone containing only a few sulphides had been generated; (2) Mild attack - cotides, 
sulphides art a depleted zone have been formad, but the depth to which the attack has penetrated is 
shall»; (3) Gross attack - the attack has penetrated to a much greater depth. 

Tasting at 1600% »used the corrosion to be located in the hotter partió» of the air foils while 
the cooler areas tended to be oorrosion-free. Exposure at 1750% peak metal tenperature resulted in 
oorroeion-free areas in the hotter sections of the specimens while the cooler areas ware susceptible to 
attack. From the measurements of alloy oorroe ion versus tenperature, graphs ware constructed. The 
"total corrosion" was reported as the area under these curves. The» exhibited a lower threshold tanp- 
erature bel» «Aüch there was no oorroe ion, art an upper terminal tenperature above which there wes no 
attack. It was suggested that this upper tenperature was associated with the vaporization tenperature 
of the salt. The »It deposit on the specimens was sodium sulphate and magnesium sulphate; the 
chloride ion was not detected. Depth of penetration measurements were also made. 

The alloys were grouped in four »tat B 1900, together with B 1910 Mar M 200 art IN 100 had very 
poor resistan». 713 C, 713 DC, PDRL 161 and PDRL 162 had poor resistan», u 700, IN 728 X art 
TW 1800 had relatively good resistanoe, art X-40 had excellent resistan» ( no attack ). B 1900 wes 
the worst of all. The corrosion resistan» correlated quite well with chromium content (Fig. 1.1). 

Table 1.1. lists the results of tests at 1600 art 1750% peak tenperature using JP-4 art JP-4R 
fuel with 4 ppm salt; Table l.II with 8 ppm salt. Table l.III ocupares the relative performan» of the 
alloys under various test conditions. Table l.IV lists the threshold art terminal taaperaturea after 
120 art 36Ch using JP-4 fuel and 4 ppn »It; for B 1900 the tarperatures ware not given. Table l.V lists 
the oorroeicn products on the trailing edge determined by X-ray diffraction after 4Gh. For B 1900 a 
spinel with lattice spacing 8.17 X, NiO art AI2O3 were detected, In that order. After 12Ch, a further 
unknown phase with d-spaclngs 3.86, 3.29 , 2.74, 1.94, 1.67, 1.65 art 1.38 was detectad. (Tabla l.VX) 
Table l.VII lists the conos ion products found in powders removed from areas which had undergo» 
sulphidation corrosion after 12Ch of testing. For B 1900, a spinel with spacing 8.25, NiO, art an 
unknown phase with d-spacings 3.33, 2.54 art 1.73 were present. Table l-VXII lists the »suits of a 
microprobe analysis of the depletion za» areas. B 1900 - 84.2« Nl, 0.5« Cr, 4.0« Mo, 2.7« Al, 0« Ti, 
5.9« Co art 1.5« Ta. 

Figura 1.2 shews the corrosion as a function of tenperature for B 1900 using JP-4 fuel, 8 ppn salt. 
Fig. 1.3, 4 ppn salt. Fig. 1.4, JP-4R fuel, 8 ppm salt. Fig. 1.5, 4 ppm aalt. Fig. 1.6, JP-5 fusl 
(0.16« S), 8 ppm salt. Figure 1.7 shows a bar diagram comparing the "total oorroaion" of all the 
alloys (B 1900 was the worst). Figure 1.8 shews the threshold tenperature as a function of chromium 
content. Table l.IX amparas the relative performan» of the alloys in the vario» conditio». 



J. R. Johnston and R. L. Ashbrook NASA Dachnical Nota TO D-5376 (August 1969). 

Uncoated speciitens of a muter of ocimerclal nickel and oobaltbase alloys were cyclically tested in 
the NASA high velocity test rig for times ip to 100 h at tenperatures ranging from 1700 to 2000°? 
(927 to 1093 C). Natural gas was used in the burner. The specimens were 10 cm x 2.5 cm x 0.63 cm. 
with one long edge tapered. 8 of these were iromted in a holder, each positioned radially with the 
tapered edge outwards. The holder was rotated in the exhaust from the burner at 900 rtm for 1 n, then 

a “S?J“ st£?*’ for 3 min - this constituting 1 cycle. The velocity of both the hot and 
the cold gas was Mach 1. These were the standard conditions - three variations were usadi Mach 0.7 

«TOY ICh, without forced air cooling; and cooling at the standard rate, but only at 1200^F 
(o4y^C) before heating. 

At intervals of 20h of testing the specimens were removed from the apparatus, weighed, photographed 
and inspected for cracks with fluorescent dye penetrant. Prior to furtter testing they were again 
degreased. In most cases, one specimen was removed for metallographic examinations after 20h, and 
another after 60h of testing. 

The authors note that the difference between alleys is much greater in high velocity tests than 
in the static tests. The ranking of alloys is also quite different in the two types of test. 

Fnr °xi?Í8f? high-velocity tests were determined by X-Ray diffraction. 
f?f B i??0' a£^0u0®1 at 1®°°°"ly a12?3 was present- this was also true after lOOh at 1900°F. 
^ter.^A^?3-tntlaw8pinel " 8>05 A detected. After 60h and KXh, A1,0,, 
mcncoade (NiO) and a ^inel with ao * 8.10 8.° 2 3' 

Figure 1.9 reports the weight loss data for all the alleys, and Figure 1.10 sumarises the weight 
loss data for the alleys in terms of a bar diagram. B 1900 was one of the best alloys tested. Fairly 
severe thermal fatigue cracks developed in the tapered leading edge of B 1900 specimens. Figure 1.11 
shows the surface recession of a nutter of alloys, including B 1900,and Figure 1.12 suimarises the 
surface recession data after lOOh at 2000°F (1093°C) as a bar graph. Figure 1.13 shows the 
microstructure of the edge after lOOh test at 2000 F (1093°C), Figure 1.14 shows 
various times and temperatures for B 1900, Mar.M 509 A and TO Ni Cr. 

the specimens after 

™ ., y,S’ ft)0re' and A,R* stetaon, Final Report on NASC Contract No. N00019-68-C-0532, Solar Research 
Division Report RDR 1626.5 (Deoenter 1970) (see also progress reports: RDR-1626 1,2,3, and 4). 

This research was primarily oonoemed with the hot oorrosion of coated svperalloys, and in part- 
icular with the selection of the best coating procedure for each alloy. However, some tests were 
performed on the unooated alleys. The specimens were paddle-shaped to simulate blades, the actial 
blade length being 2 in, width 1 in, tested in the Solar turbine enviromental simulator. This involved 
a ccrbustion chanter similar to that used in Solar's small ouenercial gas turbine. Eight specimens 
were moulted in a holder rotated at 1725 rpn. JP -5 fuel weis used for all tests. 35 peirts per million 
of syithetig sea salt were added to the oorbustion gases. Specimens were tested at 165CTF (899°C) and 
1800 F (982 C) for the nickel-base alloys, and 1800°F (982°') and 200CTF (1093¾). The nozzle exit gas 
velocity was maintained at Mach 0.85 minimun. One hour ther.ral cycles were used for a total of 150h 
maximum. Initially, specimens were removed at the end of each 2Ch exposure for visual examination 
cleaning and weighing; later this period was extended to 3Ch for the coated specimens, but shortened 
to 10 to 2Ch for most of the uicoated specimens because of early failures. The temperature distribu¬ 
tion over the blades was determined by means of imbedded thermocouples in model specimens for each 

tfSt t®’P®raturps* T*16 sulphur content of the fuel ranged between 0.02 to 0.10 wt *, averaging 
0.08 wt %, much less than the maximum of 0.4* allowjble in JP-5. ^ ^ 

Curvee of cumulative weight change versus exposure time are presented. Photographs were taken of 
the specimens after light glass bead blasting. The specimens were then sectioned and examined metallo- 
graphically, the section being through the hottest part of the blade. 

Uicoated B 1900 failed after only 20h at 1650F (899°C.) Figure 1.5 shows the cross-sections of the 
SpOCXIUBfl* 

B 1900 was the least oorrosion resistant of the alloys tested; SEL 15 was next worst. 

The weight changes are Usted in Table 1-X and 1-X1. For B 1900 at 1650°F after ich the weight 

£r,£r^rCi,nBn8 Wer?,tn17*i "9 f*1 ♦ 54*6 «*9* At 10OO°F the change after 10h was -363 aid -3B7mg. 
After 17h the figures were -1470 and -1610 mg. * 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to NASC on Contract N00019-69-00221 
(Phil Upe Petroleum Company Research and Development Report 5732-70) July 1970. 

See 713C for detalla. 

P.E. Hamilton, K.H. Ryan and E.S. Nichols, Hot Corrosion Problems Associated with Gas Turbinas. 
ASTO Special Technical Publication STP 421, 1967, 188. 

S®® for detailed summary. Figure 10-75 shews the performance of B 1900 in a test stand engine 

Ínl®yíí0n8 B 19°?^8 ^7130 under botA circumstanoss, about the same as 
Mar-M 200 with salt hut rather verse without. With salt, TOW 1900 and IN 100 are rather worse than 
B 1900* 



H.l. ijuiqg, R.M. Hiütnrr vinil L. Hacjnctto, final Heport to Naval Air Systems Cermand on Contract 
MX»J 19-70-C-0293 (I'm 1 Ups Petroleum Ccepany Research and Development Report 5903-71) Jan. 1971. 

^See 713C for details, figure 1.16 sltcws a section of a B19U0 sijecimcn after 15h in a 2U0ÜI' 
(1093 C)cyclictest witli 1.0 p^i:. sea salt in tlie air and 0.04 wt % S in the fuel, figure 1.17 shows a 
steinen œrroded under tiu? s.ire circunstanoes with loo ppm henzotriazole added to the fuel. 

h.S. Bernstein» M.h. ÜeCrescente art! II.A. Roth, in "Ueposition and Corrosion in Gas Turbines", A.B. Hart 
and A.J.B. Cutler (eds.) (Applied Science D'oIjUshers, London, 1973) 70. 

figure 1.1« curvares £1» oxidation of B 1900 at 900°C (a) uncoated, (b) coated with 1 mg/an2 Na,S0., 
and (c) coated witli 1 mg/on of a mixture of Na^SO, ,ind CrJo. In the last case, no accelerated oxidation 
is observed: it is seated that the same is true if SrO, is added to the Na-Sf>.. Figure 1.19 ojtpares 
ti» oxidation at 9UJ C coated witli (a) 1 rtj/ari each of Ma^SO. ani MjO., and Tb) l_mg/anZ eadi of Na,SO. 
0041 Cr203' figure 1.10 shews that the oxidation cf a specimen coated witli 1 mg/or, eadi of Ma,S0. 2 4 
and BiOj is slew, approximately the sane as survie oxidation; but if the specimen is thermally shocked, 
a rapid oxidation, similar to that with just Na^SO, ensues. 

Specimens coated with 1 mg/on eadi of SiO^ and Na-SO, 'were after 1000 min exposure at 10000C, 
washed and the solution chemically analysed. Only trace cju,inti ties of Na-SO. were found. The surface of 
the specimen was coated witli a glossy scale lieileved to be a sodium aluminium silicate, spec mens 
sinilarly coated and exposed 3CO min at 900 C were also washed: the solutions were found to contain soluble 
sodiur and silicon. The silicon was inferred to be present as the water-soluble Na^Si^O^. 

A nimber of B190O coupons coated with mixtures, of Na^SO. and various metal oxides and oxidised 
at 900 C for up to 6h are shewn to shew the relation between the attack and the irelting point of the salt. 
Hie additional oxides agd the melting points of the mixtures were (a) V-0-, 690°C; (b) MDO,, 795°C; WO , 
1473 C; and Cr-0-, 1990 C. Hie first two, and pure Na-SO,, produced characteristic hot corrosion attack; 
the last two produced light, adherent scales resembling slnvle oxidation. 

V.S. Moore and A.R. Stetson, final Report to Naval Air Propulsion Tfest Center on Contract N00156-71-C-1020, 
July 1973. 

See 713C for details. 

N.S. Bernstein, M.A. DeCrescente and II.A. Roth, Annual Report to tlie Office of Naval Research on 
Contract N00014-70-C-0234, June 1973. 

Shews a section of a B1900 blade from an industrial engine showing severe hot corrosion. Hie 
blade was originally coated, and was uncooled. 

C.E. Lcwell and R.V. Miner, NASA Technical Mtrorandvm TM X-68191, Jan. 1973. 

Describes the improvement in the cyclic oxidation resistance of B1900 produced by the aidition 
of 1% silicon. Hie alloys were tested in cyclic oxidation at 1000° and IICCTC in air for 700 and 200 hr 
for the li Sr and 0» Si alloys respectively. Each cycle consisted of 6 minutes in the furnace hot 
zone and 9 Minutes cooling. Hie oxidation was measured by metallography and specific weight change. 
Hie same oxide formed on both alloys, so the effect was presvirwbly due to improved oxide adhe raíce. 

Hie oxides detected by X-ray diffraction were NiO; a spinel with a = 8.21 8 (prcbably Ni (Cr,Al),0.); 
a spinel with a = 8.08 A (probably NiAl.O.), a tapiolite, presunably Ni°Ta-0, with other refractory 2 4 
frétais substituting for Ta, and AljO^. ¿ b 

Figure 1.21 shews the weight change for both alloys at 1000°C and Figure 1.22 that at 1100°C. 
Figure 1.23 shews the reduced thickness of the depleted zone in the 1% Si alloy after 2000 cycles at 1100°C. 

N.S. Bomstein, M.A. DeCrescente and H.A. Roth, Gas Turbine Materials Conference Proceedings, Naval Air 
Systems Cermand, Washington (1972) 3. 

greatly accelerates the oxidation of B1900 at 900°C It is shewn that a coating of 1 mg/on Na-SO. 
for times up to 800 min. Hie additions of Cr.O, to the salt reduces the rate almost to the value with 
no salt at all. Hie additions of l_mg/an of*MaO, to the sulphate produces a further considerable 
acceleration. A coating of 1 mg/on each of Na-SO. and SiO_ results in a slow corrosion rate, but if such 
a specimen is thermally shocked by removing from the hot zofte of the furnace and replacing, rapid oxidation 
ensues. VjCb accelerates the rate, but SnO, and (surprisingly) WO- reduce it (the figures are similar 
to 1.18, 1.19 and 1.20). Hie authors present calculation of the relative ranking of the oxides in »emt 
of their lowering the oxygen ion content of Na 
that the higher melting point of the oxide may 

-SO.; WO 
«’significant. 

cares between MoO^ and V^. It is suggested 
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SihlSSñ TStImo?1“”*' ^ TarbiJW> Conference Ptoceadlngs, Naval Air System Ccmund, 

Describes tasting procedures in use at N.A.S.A. Figure 1.24 shows the weight change of 
specimens during cyclic burner rig cuida tier caipared with cyclic furnace behavior. 

B 1900 

Data relating to this alloy will also be found in the following figures» 
10.67, 10.68, 10.75, 10.84 10.123, 10.124, 

and Tables» 
lo-xvn, lo-xxv, lo-xxvi 
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tabu: 1-x 

WEIGHT CHANGE DURING HCTT-OORROSICN TEST (NDORE AND STKT90N) 

1650°F MAXIMJM TEST TENPERATUiE 

35ppn SEA SALT 

UNDATED NICKEL ALLOYS 

TxptMwr«? 
Time 

( unujl.iti\> WfljtX rhamcr 
jmHn ^jumb«*r 

(Hour») Bl j B2 II 

10 

2« 

• 17.4j* 54, « * ft, 9 

Cl 

l.'i 
fi. 4 

7.2 

12. 
12." 
14.» 

C2 

*«.» 

11." 

11.« 

1". 2 
17.r, 

-104.7 

! : 

11 

7.4 

lo.fj 

11.0 

f* 20.4 

^ 1».4 

- 19.7 

I* 19." 

1 

20.0 

12.9 

10. f. 

t’2 

•. 1 

*.9 

».'.I 

23.7 

19.5 

20.7 

20.9 

22.5 

21.4 

23.2 

3.2 

Ml 

3.3 

3.7 

3.4 

H.O 

3.4 

4.3 

0.3 

4.7 

0.2 

■ ".0 

■ fi.7 

•7-f*| 
•9.3 

7.9 
l.o ; 

".2 I 
10.3 

10.1 

10.4 i 

9.7 

9.3 

".4 

11.4 

TABLE l-n 

WEICHT CHANŒ DURING HOT-OORRDSION TEST (MOORE AND STETSON) 

1800°F MAXIMUM TEST TOfERATUPE 

35ppm SEA SALT 

UNOOATED NICKEL AUOYS 

....- -- 
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Figuro 1.1. Total Corrosion an a 
Function of Chroalua Contant for 
Alloys Taatod Using JP-41 Fuol. 
(Waltara). 

Figuro 1.8. Corrosion as a Function 
of Toaporaturo for 11800 Tostad 
Using JP-4 Fuol wltfc a Salt/Air 
Ratio of 8 ppa. («altars). 

Figuro 1.8. Corrosion as a Function 
of Tonporaturo for 81800 Tostad 
Using JP»« Fuol ulth a 8alt/Alr 
Ratio of 4 ppa. («altars). 

..... 



Figure 1.4. Corroalon as a Function 
of Tonperature for 11900 Ualag 
JP-4R Fuel elth a Salt/Air Ratio of 
9 ppn. (Walters). 

Figure 1.9. Corroalon aa a Function 
of Tonperature for 11900 Ualag JP-4R j 
Fuel elth a lalt/Alr Ratio of 4 ppn ¡ 
(Waltere). 

Figure 1.0. Corrosion aa a Function 
of Teaperat.’re for 11900 Tested 
Using JP-6 Fuel (0.16%9) elth a 
lalt/Alr Ratio of 1 ppn. (Walters) 



I) 

Figure 1.7. Ber Graph Showing 

Variation in Total Corroalon of 
Alloya Teated with JP-4 and JP-4K 

Fuela Ualng 4 and S ppa Salt/Air 
Ration. (Waltera). 

Figure l.S. Threahold Teeperature aa 
a Function of Chroaiua Content for 

Alloya Teated Ualng a Salt/Air Ratio 
of B ppa. (Valtera). 
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Figure 1.9. - Continued. 
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Figure 1.9. - Continued. 

CobiK-bne »lloyj Nickel-bn« tlloys 

M-»W NiCr ley-X M-IOO 
l«4ulMXI 

Figure 1.10. Suuary of weight lose 
data for naterlals expoeed 100 houra 

to hlgh-gaa-veloclty oxidation 

apparatua. (Johnston and Aahbrook). 



Figure 1.11. Surface receaalon of 
oxidation apeclaem. Standard g 

cycle: aaxlaua teaperature, 2000 F 
(1093°C). (Johnaton and Aehbrook). 
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Figure 1.12. Sunaary of surface 
recession measurements after 100 
hours at 2000°F (1093°C) using 
standard cycle. (Johnston and 
Ashbrook).
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Figure 1.13. Micrcstructures of 
materials after exposure to standard 
cycle for 100 hours at 2000°F 
(1093°C). X 250 
(Johnston and Ashbrook).
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Figure 1.14. Specimens after 
exposure for various times and 
temperatures using standard cycle. 
(Johnston and Ashbrook).
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Figure 1.14 - Continued. Figure 1.14. - Concluded.



m
140

n
M.i^ .!: :•:.

Figure 1.15. Mlcrostructure of 
Uncoated B1900 Alloy after Hot 
Corrosion Tests at 1650^F for 
20 hours. (Moore and Stetson).

BAKCUtTI 'AOU**!

•> «RfACt ATTACK

■1 -.'.X)

BASE ALLOY

PARTIAL 0>^«OATIO» or 
OCPLETCO SURTACC ALwOV 

r*o*.A>

vv;'.

mEAVV sill tide i-ENETHATID-l 
LEADIMO OXIDATUt ATTA'. 
(JC'f'OX)

ME^ALLOGRAl'Mir. CHOSS-SI C1 lOW Of SHi riMI •, ri>OM f • .--VCLIC rrST IN PMIll IXS 
TIJWUINE SIMULATOR WITH 1 .1. I RM S, A SAl T IN AIR ANU S.,.J WT T SnuruR IN Fill I . 
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Figure 1.16. Hot Corrosion of 
Bare B1900 Specimen after 15 hours 
(Base-Line Test) (Quigg et al>.
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Figure 1.17. Hot Corrosion of Bare 
B1900 Specimen after 15 hours (Test 
aith Benzotriazole in Fuel)
(Qulgg et al).

Figure 1.18. Oxidation of B-1900 
alloy at 900‘V. (Born.steln et al).
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Figur« 1.1*. Oxidation of aalt- 
coat«d B-1BOO at 900°C. 
(Bornât«ln at al). 

Figuro l.M. Oxidation of aalt* 
coatad B-1900 at MoV 
(Bornataln at al). 

Figura 1.21. Th« Bffaet of il on 
tha Raalatanca to Cyclic Oxidation 
of B1200 ot 1000 C. Cyclo eonalato 
of g alnutoa In tho furnaco and 
• alnutoa cooling. (Loooll and 
Minor). 

Figuro l.M. Tho gffoct of SI on 
tha Cyclic Oxidation loalotaaco of 
SIMO ot 1100°C. Cyclo eoaolata of 
0 alnutoa la tho furnaco and 
• nlnutoa cooling. (Unroll and 
Minor). 

..— ÉMttMl ■HlllllliMIIHfMgfelMSidM 



u,
(a) B-1900.

(b) 6-1900+ 1 Si.
Figure 1.23. Micros!ructural 
effects of Si on thermal cycling of 
B1900 during oxidation at 1100°C. 
2000 cycles (200 hours at temp­

erature). Etched »lth 33 acetic 
acid, 33 nitric acid, 33 water, and 
1 hydrofluoric acid. X 250.
(Lowell and Miner).

Figure 1.24. Height change of B1900 
specimens during cyclic burner-rig 
oxidation compared with cyclic 
furnace behaviour. Ulnlmum 
temperature, 20°C; 1 cycle per hour. 
(Spera and Grisaffe).
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B 1910 

J.J. Walters (AVCO/Lyconing Division) Technical Report to the Air Force Materials laboratory, Wright- 
Patterson Air Force Base AfMb-TR-67-297 (Sept. 1967). 

Extended sumury in B1900. B 1910 was one of a group of alloys described as having "very poor 
resistance to attack" - the others in this group were B 1900, Mar-M 200 and IN 100. Of this group, 
B 1910 was the best. The threshold and terminal tenperatures after 120 and 360h testing using JP-4 
fuel and a salt-to-air ratio of 4 ppm, for B 1910, were 1450 and 1625°F; and 1450 and 1650°F (788 and 
885°C; 788 and 899°C). X-ray analysis of corrosion products found on the trailing edge after 4Oh rig 
testing for B 1910 in order of predominance were a spinel with an=* 8.27 A, NiO, an unknown phase with 
d = 3.90, 3.30, 2.75 8, and a trace of 
shorter time, except that no A^O^ was 

The corrosion products detected in powder ranoved fron an area of a B 1910 specimen which had 
undergone sulphidation corrosion for 120h, in order of predominance were a spinel with a = 8.27 8, 
NiO, AljO,, and an unknown phase with d = 3.34 8. A microprobe analysis of the depleted metal zone 
in B 19iOJwas 83% Ni, 2.0% Cr, 1.9% Mo, 3.3% Al, 0.05% Ti, 8.2% Co and 4.3% Ta. 

Figure 2.1 shows the attack on B 1910 tested using JP-4 fuel and a salt/air ratio of 8 ppm as a 
function of tenperature. Figure 2.2 - JP-4, 4 ppm salt. Figure 2.3, JP-4R, 8 ppm salt. Figure 
2.4, JP-4R, 4 ppm salt. Figure 2.5, JP-5, 8 ppm salt. Figure 2.6 shews the corrosion as a function 
of terperature for JP-4 fuel, 4 ppm salt, for three test times: 120, 240 and 360h. 

Data relating to this alloy will also be found in the following Figures: 
l.i, 1.7, 1.8, 10.13, 10.14; 

and Tables: 
1-1, l-II, 1-IV, 1-V, 1-VI, 1-VII, 1-VIII, 1-IX. 

Al,©,. The products after 120h testing were the same as at the 
detected. 
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Figure Z.l. corrosion ss a runction 
of Temperature for B1910 tested 
using JP-4 fuel with a Salt/Alr 
Ratio of 8 ppm. (Walters).

Figure 2.2. Corrosion as a function 
of Temperature for B1910 Tested 
using JP-4 fuel with a Salt/Alr 
Ratio of 4 ppm. (Walters).

M*l«l T*

Figure 2.3. Corrosion as a function 
of temperature for B1910 using 
JP-4R fuel with a Salt/Alr Ratio 
of 8 ppm. (Walters).
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Figur« 2.4. Corrosion as a function 

of tMparatur« for B1910 Ualng 

JP-4R Fuel with a SrU/Air Ratio 
of 4 ppn. (Walters). 

Figur« 2.B. Corrosion as a function 
of tanporatur« for B1910 t«at«d 

using JP-5 Fuel (0.1618) with a 

Salt/Air Ratio of 9 ppn. (Walters). 

Figur« 2.6. Corrosion as a function 

of tenporatur« for B1910 t«st«d 
using JP-4 fuel with a Salt/Air 
Ratio of 4 ppn. (Walters). 
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A. M, Beltran, Cobalt No. 46, 1970, 3. 

FSX 414, 418 

See X-40 for details. The good oxidation resistance of 414 at 2000°F (1093°C), and the even 
better oxidation resistance of 418 at 1600, 1800 and XXXTF (871, 955 and 1093%) is shown. 

The hot corrosion resistance of a group of alloys in a burner rig using 3* S residual oil 
containing 325 ppm NaCl (= 5 ppm NaCl in the air), 60Gh tests at 1600% (871%) is oonpared. For 
both alloys the maximum penetration was 0.04 ran per side. 

The oKidation resistance of several allays in SOOGh tests is shawm FSX 414 and 418 ccnpare very 
veil withNi-base alloys - a little worse than Rene 77, but appreciably better than U 500 C. 

Data relating to these alloys will also be found in the following Figures! 
32.10, 52.10, 52.14. 
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G 64 

G. Llewellyn, Hot Corrosion Problaw Associated with Gas Turbines, ASM Special 'technical Publication, 
(Ste 421) 1967, pi. 

See Nironic 100 for details. Figure 4.1 shows severe attack of unooated blades after SOCh 
running. 

Threshold taiperature in 6hr cycle, intermittent SO, and air at 45 min intervals 850¾} 830¾ in 
contact with carbon: 980 c pack aluninised 910¾ pack alttninised in contact with carbon. Reduced by 
holding: thus, after 500h at 900 C the threshold taiperature for the pack aluninised material was 
reduced to 940¾. 

Figure 4.2 is a section through coating showing deterioration after 3000h. 

K. Page and R. J. Taylor, in "Deposition and Corrosion in Gas Turbines" A. B. Hart and A. J. B. Cutler 
(eds.), (Applied Science Publishers, London 1973) 350. 

See Nironic 105 for details. Nironic 105 and G64 blades from an industrial Proteus engine are 
compared: the G64 performed surprisingly well. 

Data relating to this alloy will also be found in the following Figure: 
32.13} 
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Figure 41. C 64 turbine rotor 
blades ahoelng aulphur attack. Top 
row Pack alualnlied Madea.
Bottoe Row: Standard Madea. 
(Llewellyn).

Figure 4.2. Deterioration of 
•lualnlied coating on a C.64 turbine 
rotor blade after 3000 hr running. 
(Llewellyn).
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CNt-235 

ÎS?5" ^ “ 

«»i SHL£ ^STÍSrSí'í.'Sí^S i,!1”’ «<-2J51, u. 
nK«r, 713C+CT+Y, MM «“ra ¡.»"ï"^ y“' 2?' 
cast arel heat-treatai osj-5-ic; “Ti * * rx9ure 3. i sncws the voliine loes fron the as 

was faster than that of the as-cast material (wUh^?^f'the’ïl^^ Sf¡SSf 
PQlTi63)? <XXfmna ^ mBaSured I«» «d that predicted hjthe régression equation (æ 

Êr^sœsSisHi.|i:"X 
r-Uun«. Figure 5.3 sha. the micropcofae »»r« “ « SÄ 

R. Viswanathan, Corroeicn 24 (1968) 359. 

VfespaS.n3îfS îsS^t'lSQ^Îfi^ ^ 0f ^ ^Zl,*}10*8 te8tßd' Scnparable to PORL 163 and 
waî SLJSeS! C) ^ “P001"" ^ lo8t 3‘2 "*/<»“descaling)» 98.0* of 

Oata plating to this alley will also be found in the following Figures» 
31.3, 31.4, 31.6, 36.1, 36.2, 36.3, 36.4, 36.5, 36.6, 36.7. 
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Figure 5.1. As-cast versus heat 
treated GMR-235 at each cyclic 
test temperature. (Ryan et al).

Figure 5.2. Comparison of the 
measured volume loss and the loss 
predicted by the regression 
equation for GKR-235 (Ryan et al).

Figure 5.3. Mlcroprobe traverse 
across corrosion area of GMR-235 
after 1800°F cyclic test. (Ryan 
et al).
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Hastelloy X 

P.A. Bertpnan, C.T. Sine and A.N. Beltran, Hot Corrosion Problems Associated with Gas Turbines, ASTM 
Special Technical Publication, STP 421, 1967, 38. 

See 713C for details. Attack at 1750¾1 (954°C) in burner rig, 100h, 200 PP» salts shown. Loss of 
surface (dianeter) 2 mils; maxinun penetration 9 mils. Hast résistait alloy In this programe 
(a little better than U 500, but basically very similar). Sene grain boundary attack. 

P.A. Benjten, Corrosion 23 (1967) 72. 

See S E L for an extended sunmary and the principal results. Hastelloy X was tested at 920°C and 
980°C with MCppn salt in the air i the corrosion resistance was good at both these temperatures. 
Figure 6.1 shtMS a Hastelloy X test fixture subject to hot corrosion: there appears to be preferential 
oxidation of large grey (sulphide?) particles. All the nickel-base alloys studied at 913 - 1Q93°C with 
200 ppn salt formed nickel oxide and spinels with lattice parameters in the range 8.16 - 8.34 A and 
usually in the range 8.28 - 8.33 A : these latter were identified as NiCr204. 

R. Viswanathan, Corrosion 24 (1968) 359. 

See 713C for details. Hastelloy X was one of the better alloys tested, corparable to U-500 and 
U-520. After 150h test at 1500°C (816°C) the alloy had lost 3.5 mg/cm . 

J.R. Johnston and R.L. Ashbrook, NASA Technical Note TO D-5376 (August 1969). 

See B 1900 for details, and a list of the general figures and tables. The weight changes in 50h 
tests at 2000°F (1093°C) in high gas-velocity cyclic tests (19.5 mg/air) and static oxidation tesla 
(2.cmg/an ) are caipared. The oxides determined by x-ray diffraction on Hastelloy X exposed to high 
gas-velocity oxidation were: lOCh at 1800^ (982¾ produced Cr20.., monoxide (NiO) and a spinel with 
a * 8.30 ft. The same time at 1900°F (1038°C) and 2000°F(1093°c) produced Cr,o, and a spinel with 
a° = 8.25 8. ^23^ 
o 

The mean weight loss after 100h at 2000°F (1093°C) was 1450 mg; about the same as Mar-M 200; 
a lot worse than IN 100 or B 1900. 

W.L. Wheatfall, in "Hiÿt Température Corrosion of Aerospace Alleys" J. Stringer, R.I. Jaffee and 
T.F. Kearns (eds.), AGARD Conference Proceedings No. 120, (March 1973) 235. 

See 713 for details. 

Data relating to this alloy will also be found in the following Figures: 
1.9, 1.10, 1.13, 10.58, 10.105, 10.106, 38.14, 41.2 ; 

and Tables: 
10-XXX, 18-IV, 38-1, 38-11. 



Fipur** 6-1- A Habitlloy X test 
fixture subject to hot corrosion. 
There is a preferential oxlda.lor 
of the large grey particles. 
Tnetched. 500 x (Keigran).
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Dl 100 

J.J. Malters (ATCO/Lyccnüng Division) Technical Report to the Air Force Meteríais Laboratory, 
Wright-Patterson Air Force Base AfML-TR-67-297 (Sept. 1967) 

Extended svimazy ln B 1900. IN 100 was one of a group of alloys described as having "very poor 
resistance to attack" - the others in this group were B 1900, B 1910 and Mar M 200. The phases found 
on the trailing edge of IN 100 specimens after 40h testing in order of predaninance were NiO and a 
spinel with a = 8.34 A. After 120h the products were the sane as at the shorter time. The corrosion 
products found in powders removed fron an area which had undergone hot corrosion in a 120h test were 
NiO jnd a spinel with a = 8.27 A. A microprobe analysis of the depletion zone in the metal, for 
IN 100 was 94% Ni, 0.4%°Cr, 1.0% Mo, 1.4% Al, 0.03% Ti and 3.0% Co. 

Figure 7.1 shows the corrosion of IN-100 as a function of température tested using JP-4 fuel with 
8 ppn salt in the air. Figure 7.2 - JP-4, 4 ppm salt. Figure 7.3 - JP-4R fuel, 8 ppn salt. 
Figure 7.4, JP-4R, 4 ppm salt. Figure 7.5 JP-5, 8 ppn salt. 

P. A. Bergrtan, Corrosion 23 (1967) 72. 

Describes the use of the GE "small burner rig" to evaluate super-alloys. JP-5 referee fuel 
containing 0.25% S was used at an air/fuel ratio of 30/1 (stoichionetric is 15/1). Both natural and 
artificial sea water were used, 0, 2 and 200 ppm salt being added to the air. All tests were for 50h. 
The principal method of evaluation was metallographic measurement of loss in diameter. TWo data points 
are shewn for the corrosion of IN 100 with 200 ppn salt, at 910¾ and 982°C: the loss in diameter is 
greater than 70 mils in both cases. See SEL for a stannary of seme of the general results. 

K.H. Ryan, J.R. Kildsig and P.E. Hamilton (Allison Division of General Motors) Technical Report to 
Wright-Patterson Air Force Base, Air Force Materials laboratory AiMD-TO-67-306 (August 1967). 

A detailed stannary of the procedure and of the general results is given under PERL-163. IN 100 
was cne of a middle group of alloys (the others in this group were Mar-M 421, 713C, and lnco 717). 
Figure 7.6 shows the voltane loss as a function of tenperature in the range 1700 - 1900°F (927 and 
1038 C) for both as-cast and beat-treated IN 100. 

Figure 7.7 ccnpares the measured voltane loss with that predicted by the equation derived by 
regression analysis (see EDRL 163) for IN-100. 

H. T. Qiigg and R. M. Schirmer (Phillips Petroleum Ccnpany Research Division)Progress Report No. 4 to 
Naval Air Systems Conrand Contract N0w65-0310d (August 1966) Phillipe Petroleum Company Itnprn t 4411- 

See 713 C for details. 

R. M. Schirmer and H. T. Quigg, Progress Report on NASC Contract NO 65-0310-d. Phillipe Petroleum 
Company Research Division Report 4370-66R (June 1966). w 

See 713 C for details. 

Figure 7.8 shews the mean weight loss for IN-100 under the various conditions. IN 100 was rather 
worse than 713C, rather better than Wl-52. 

The effect of the various conditions on the weight loss for IN 100 were analysed. The 
conclusions are: a^lgnlfleant decrease in metal weight loss was found for an increase in tenperature 
from 1400 to 1600¾ at 0.40 wt % S; no significant effect at lower sulphur contente, little 
systematic effect at other taiperatures. Increasing sea-salt increased the corrosion under most 
conditions. The effect of fuel sulphur content was very variable. 

Figure 7.9 shews the oxidised sanple after 5h at 2200°F, no sea salt, 0.0002 wt « S. Figure 
7.10 shews sulphidation after 5h at 1400¾. no sea salt, 0.40 wt % S. Figure 7.11 sham hot corroe ion 
after 5h at 1600¾. 10 ppn sea salt, 0.0002 wt % S. Figure 7.12 shews a surface pit formed \nder the 
same conditions. Figure 7.13 shows hot corrosion after 5h at 1800¾. 10 ppn salt, 0.0002 wt % S. 
Figure 7.14 shows hot corrosion after 5h at 2200¾. 10 ppn salt, 0.0002 wt % S. 

H. von E. Doering and P. A. Bergman Naval Ship Research and Developnant Centre Materials Laboratory 
Research and Developnent Report No. 2844 (March 1969). 

See 713C for details. In a 100h test at 1750¾ (955¾) with 200 ppn salt and in a lOOOh test 
with 5 ppn salt the specimen was completely destroyed. SEL-15 was as bad- 713C rather better. 
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R. Field, D. J. Fisk and H. von E. Doering, Naval Ship Research and Develcpnant Centre Materials 
laboratory, Research and Development Report 2833 (January 1969). 

See 713C. 

J. R. Johnston and R. L. Ashbrook, NASA Technical Note TO D-5376 (August 1969). 

See B 1900 for details. The weight changes In high gas velocity cyclic tests and In static 2 
oxidation tests at 2000°F (1093°C) were ccrpared: the dynamic weight loss for IN 100 vns 3.7 Jj/on 
is 5Ch, the best of the 7 alloys listed; the static weight gain in the sane time was 2.8 mg/am , the 
fourth of the alloys. Like B 1900, Mar. M. 200and TAZ-8A the thermal fatigue resistance «es poor. 

The oxides detected on IN 100 exposed in the high velocity apparatus were: at 1800°F (982 C) 
after lOOh, A1,0, and nonoxide (NiO) ; at 1900°F (1038°C) after lOCh, A1.0, and a spinel with a - 
8.30 8; at 2000 ^ (1093 C) after 20h, monootide and two spinels with a ' 8.10 and 8.30 X; after 
60h, AljOj was also present; after lOOh, AljOj monoxide, and the spinel with a » 8.30 X. 

Curiously, DJ 100 lost significantly more in a Mach 0.7 test than in a Mach 1.0 test. The average 
weight loss in a lOOh test at 2000°F (1093 C) was 250 mg (B 1900, 216 mg was the best; D) 100 «s the 
second best). 

V.S. Jtoore and A.R. Stetson, Final Report on NASO Contract No. N00019-68-C-0532 (Solar Research Division 
Report FDR 1626-5) (Dec. 1970), 

See B 1900 for details. 

Figure 7.15 shows the mijnxetructure of a specimen after 20h at 1650°F. Figure 7.16 shews that 
Of «specimen after 17h at 1800rF. The alloy failed after 2Ch at 165CF and 17h at 180CF. The hot 
corrosion of the alloy was poor, better than but ccrparable with SO, 15 and B 1900. 

TVo specimens for ICh at 1650F changed by +6.9 and -14.0 mg. ICh at 1800°Fi -777 and -860 mg; 
17h at 1800°?: - 1960 and -2280 mg. 

H. T. Quigg and R. M. Schirmer, Progress Report No. 3 cn NASO Contract No. N00019-68-C-Q252 (Phillips 
Petroleum Coipany Research and Development Report 5423-69) July 1969. 

See 713C for details. This report is principally concerned in testing the ASTM "Round Robin" group 
of alloys in the Phillips Turbine Environmental Simulator using a cyclic test in Which tte specimen is 
heated to 1600, 1800 or 2000°F (871, 982 or 1093°C) for 8 min and cooled to 10007F (583 C) producing 
an attack approximately six times more severe than the isothermal routine used in the earlier tests. 
After 44h at a maximum of 2000°F, IN 100 had lost 372 mg/orr, the surface loss was 56 mils, the maximum 
penetration 56 mils, the worst of the alloys tested. The exposure time required to result in a loss 
of 127 mg/cnr was llh. The data are presented in various tables (see 713C). 

ASTM Rouid Rabin Test organised by the Hot Corrosion Task Force of the Gas Turbine Panel, 1970. 

See 713C. IN 100 usually ranked worst of the six alloys tested - 713C was nearly as bad, U 700 was 
a little better. Fioure 7.16 shows the metal loss reported by the participants. 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to NASC cn Contract No. N00019-69-C-0221 (Phillips 
Petroleum Ccnpany Research and Development Report 5732-70) July 1970. 

See 713C for details. 

M.J. Dcnachie, Jr., R.A. Sprague, R.N. Russell, K.G. Bolt, and E.F. Bradley, Hot Corrosion Problems 
Associated with Gas Turbines, ASTM Special Technical Publication, STP 421, 1967 , 85. 

See 713C for details. Die test conditions for IN 100 were; (a) JP-5R fuel with 0.4% S; 3.5 ppm 
sea salt in air; 1650°? (899°C); lOCh; and (b) Marine Diesel fuel with 1.0% S; 3.5 ppm sea salt in air; 
1650SF; 50h; according to one of the Tihles , altliough the other Tables imply that other conditions were 
used as well. After 50h test at 2CXX)°F (1093 C) in 1% S diesel fuel and 3.5 ppm salt IN 100 had lost 
0.27g. With 3.5 ppm salt at 1650°F after 50h; 1.0% S, -1.35g; 0.4% S, -0.85g: after 100h, 1.0%S, -3.25g; 
0.4%S, -2.70g. At 1650°F with JP-5R fuel and 3.5 ppn salt as a function of time up to 12Ch, DJ 100 is 
much worse than the other alloys shown (713, U 700, Waspaloy). An example is shewn of IN 100 specimen 
tested at 200CTF (1093°C) which had no Cr,S3 formed at the hot-spot on the wedge specimen; rather, the 
Cr,S- was predominantly to timed at the extremities of the hot spot where tarper atures were about 1750 to 
ISO)30? (953° to 982°C). 
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L. D. Graham, J. D. Gacíd and R. J. Quigg, Hot Corroe ion Problems Associated with Gas Turbines, ASTM 
Special Ttechnical Publication STP 421, 1967, 105. 

See 713C for details. Fine grain IN 100 appreciably better than coarse grain in crucible test 
for Ih at 1800 F (982 C); both better than 713C, ccnparable with PDRL 163. 

P.t. Hamiltcn, K.H. Ryan and E.S. Nidiols, Hot Corrosion Problems Associated with Gas Turbines, ASTM 
Special Technical Publication SIP 421, 1967, 188. 

See 713C for details. IN 100, together with TTOí 1900, were the worst two alloys tested. 

R. M. Sdiirrer and 11. T. Ouigg, Hot Corrosion Problems Associated with Gas lUrbines, ASTM Special 
Technical ;*ub Heat ion STP 421, 1967, 270. 

See 71X' for details. This paper is based on reports abstracted above, and describes experiments 
in tie Phillips thviromental Simulator in the terperaturc- range 1400 - 2200°F (760 - 1204¾ , with 
Ü.UXJ2 , 0.040 and 0.4Ot S in JP-5, 0, 1.0 and 10.0 pjm sea salt in the air. Figure 7.17 shows the 
corrosion of IN 100 as a function of temperature and test conditions. Table II shows the relative 
durability of the alloys: IN 100 is poor, ccrparable with WI 52 and SM 200, appreciably worse than 713C. 

D.L. Deadnore, N7tSA Technical Memorandum TO X-2195, Mardi 1971 (Lewis Research Center). 

Isothermal and cyclic oxidation tests on IN 100 and V.T 52 at 1900 and 2000°F (1038 and 1093°C). 
Tests included exposure cycles of 1, 2, 5, 20 and 170h for total oxidation times of iça to 340h. 
iSadation was evaluated by 'weight and thickness dlange measurements. Coupon specimens 1 x 1 x 0.11 
inch (2.5 x 2.5 x 0.27 cm.) 'were cut and ground to 600 g to a final thickness of 0.1 inch (0.25 an). 
Initially, the specirens were placed in alumina boats, but the IN 100 specimens reacted extensively 
with the boat (WI 52 specimens did not) so later specimens were suspended by platinum wire in a 
vertical furnace. 

Figure 7.18 shows a speciren after 45 2h cycles at 2000°F (1038°C). There is a thin surface scale, 
with some protrusions into the metal, and a depleted zone in tlie alloy beneath this. Isothermal and 
cyclic oxidation weight change data are shown in Figures 7.19 and 7.20j the isothermal data are oenpared 
witn those from G.K. Wasiewlewski, Interim Rept. No. 2, General Electric Co., June 30, 1966 (work dene 
under Centragt AF33(615)-2861). Data are also available in W. J. Waters and J.C. Freche, NASA TO D-3597, 
1966 at 1038 C: 0.96 ny/on at 641., 4.0 mg/on at 112h and 9.76 mg/cm at 304h. These are rather larger 
than the results in the present study, but the authors think this may be due to the fact that Waters and 
Freche used a technique which would retain any scale which spalled at temperature. The isothermal 
weight gain for IN 100 is less than that of WI 52 at both-temperatures. For example, IN 100 gained 1.8 
mg/ai in lOOh at 1093 C while WI 52 gained about 7 mg/aii . 

The spacing in the cyclic test was quite small. The greater the cycle frequency, the greater the 
spilling, which is reflected in a smaller 'weight gain. IN 100 is more spall resistant than WI 52. 
Metal thickness loss is presented in Figure 7.21 for 1093 C. 

Since so little spall developed frciri the IN-1CX) tests only in-situ surface diffraction was made on 
this material. The results are presented in Table 7-1 for the specimen given sixty 2h cycles at 1093°C, 
•which includes data fren J. R. Johnston and R.L. Ashbrook, NASA TO 0-5376, 1969 for 60 Ih cycles in a 
high-velocity burner rig at 1093 C. 

H... Quigg, R.M. Schirmer and L Bagnetto, Final Report to Naval Air Systems Ccmrand on Contract MJUÜ19- 
7CK>0293 (Phillips Petroleum Company Research and bevelojrent Report 5903-71) Jan. 1971. 

See 713C for details. 

K. Page and R.J. Taylor in "Deposition and Comsion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.), 
(Applied Science Publishers, Dindon, 1973) 350. 

See Nironic 105 for details. One or two graphs show data for IN 100. 

D.L. Deactnore NASA Technical Note TN D-6842 (July 1972). 

The report describes the cyclic oxidation of IN 100 and VI A in the NASA high gas-velocity oxidation 
apparatus, fuelled with natural gas. The maximun specimen temperature was 1093°C and the gas velocity 
.lach 1. The specimens were plates 10 x 0.6 x 2.5 on, with a wedge section along one edge, and were 
mounted on a holder rotated at 9CO rprr.. The specimens were heated in 1 min, held for Ih, then cooled to 
rcxM: temperature in 3 min by a oold air blast, again at Mach 1. The majority of the tests were on coated 
specirens, but sere tests were performed on uncoated raterials. Figure 7.22 shows the weight change as 
a function of tire, and ampare the results with those of J. R. Johnston and R. L. Ashbrook, NASA TO D 
5376, 1969 and W.A. Sanders, C.A. Barrett and H.B. Probst, NASA TO D-6400, 1971. 
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W.L. Vheatfall in "High iterçerature Corrosión of Aeroepaœ Alloys" J. stringer, R.I. 
Kearns (eds.), AGARD Conference Proceedings No. 120 (April 1972) 235. 

See 713 for details. 

Data relating to this alloy will also be fouid in the following Figures : 
1.1, 1.7, 1.8, 1.9, 1.10, 1.11, 1.12, 1.13, 10.51, 10.53, 10.68, 10.75, 10.84, 10.105, 

32.19 , 32.20, 36.1, 36.2 , 36.3 . 36.4 , 36.5 , 36.6 , 36.7 , 41.2, 
i-x, i-ii, i-v, i-vi, i-vxi, i-vm, i-ix, i-x, loi, iovi, io vin, i6-xi, loxni, 
lOXVI, lOXVII, lOXVIII, 10-XIX, lOXXI, lOXXV, lOXXVI, lOXXX, 31-1. 

Jaffee and T.F. 

10.106, 
and Tables : 
lOXV , 



IN Smi X-RAY DIFFRACTION RESULTS 

TOR IN-100 TESTED AT 2000°F (1093°C) (DEADMDRE) 

FDR 60 HOURS 

Fumaoe test Burner rig test3 
(2-hr cycles) (1-hr cycles) 

Spinel, ao = 8.18 (N1A1204) 

Spinel, ao * 8.38 (NiCr^) 

* - ^3 

' - ^2°3 

TiO- 

Monoxide (probably NiO) 

Spinel, aQ = 8.108 

Spinel, aQ = 8.38 

a Date fron Johnston and Ashbrook 
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Matal taaearatara •’» 

Figur« 7.1. Corroslo« «« « 
function of tonporaturo for INIOO 
t««t«d using JP-4 fuel «Ith • 
Snlt/Alr Ratio of • ppn. 
(Waltara). 

Figuro 7.2. Corrosion sa a 
function of tonporatura for INIOO 
tostad ualng JP-4 fual with a 
Salt/Air Ratio of 4 ppn. (faltara) 

Matai latapataian • 1 

Figura 7.3. Corrosion aa a 
function of tanparatura for 1N100 
ualng JF-4R fual with a Ralt/Alr 
Ratio of R ppn. (faltara). 
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Figure 7.4. Corrosion •• « 

(unction oí temperature (or IN100 
uelng JP-4R (uel with a Salt/Air 
Ratio oí 4 ppm. (Walters). 

Figure 7.S. Corrosion as a 

(unction of temperature (or IN100 
tested ualng JP-5 (uel (0.16%S) 

with a Salt/Air Ratio o( • ppm. 
(Waltera). 

Figure 7.6. As-caat veraua heat 

treated IN-100 at each cyclic test 
temperature. (Ryan at al). 
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Tm#* ratar* CF) MT9-M 

rtgur« 7.7. Coaptrlaon ot tba 
■•aaurad voIum loas and tba lasa 
pradlctad by tba ragraaalaa aquation 
(or IR-100. (Ryan at al). 

on aatal loaa ot IR-100 taat 
apaclaana (Rebinar and Otil|R). 
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Flfur* 7.15 mcro»tructur« of 
urcoated IS-100 alloy after hot 
corroalon teata at 1650 F for 20 
houra (hoore and Stetaon)
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FlKure T.16(a). Mlcroatructure of 
uncoated IS-100 alloy after hot 
corroalfin testa at IBOO F for 17 
hrs. (Moore and Stetaon).
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Figure T.16(b). 
Results of ASTM Round Robin 
teste for IN 100. 

Figure 7.17. Hot corrosion of 
IN-100 (Schlraer and Qulgg). 



Mount inf tompoond

Unafleclc't

Figure 7.18. IN-100 niter forty-
five 2-hour cycles st 2000°F 
(1038“C) X250 (Deadit.-re) .

.’Cp

Figure 7.19. Fffect of cyclic and 
isotherical oxidation on aeighl gain 
of IN-100 at 1900°F (1038°C). 
(Deadoore).

Figure 7.20. Effect of Isothermal 
and cyclic oxidation at 2000 F 
(1093 c) on weight gain of IN-KX). 
(Deadmore).
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Figur« 7.21. Effect of cyclic 
oxidation on total Mtal thlckneaa 
loan of IN-100 at 2000oF (10»3°C). 
Original natal tblcknaaa, 0.25 
cant Inatar. (Daadnora). 
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IN 587, 589, 597. 

P. L. M^man and J. D. (lar st on, In "Deposition and Corrosion in Ciis TVirbines" A. B. Hart and A. J. B. 
Cutler (als.) (Appliai Science Publishers, Lorrion, 1973) 260. 

See Nunonic 8QA. The c»rrosion of several nickel-base alloys in a salt-spray best 'using 75* 
Na^V 25* NaCl at 700, 800 and 900 C is ocrparod using weight loss after descaling as a measure of 
the corrosion. 587 and 597 are fairly similar, with quite good resistance at 700°C, intermediate 
resistance at 8(X) C ccmparable with IN 738, and quite good resistance at 900°C. 

P. C. Felix, in "Deposition and Corrosion in Gas TVurbines" A. B. Hart and A. J. B. Cutler (eds.), 
(Af^lied Science Publishers, London, 1973) 331. 

See 713C for details. (587, 597). 

Data relating to these alloys will also be found in tie following Figures: 
10.92, 14.8, 14.9, 14.10, 32.6, 32.10. 
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Inconel 700 

R. Viawanathan, Corrosion 24 (1968) 359. 

See 713C for details. Inoo 700 was one of the wont alloys tested. Only 0-700 was as bed. 
After 10h at 1500 r (816 C) the alloy had lost 6.2 rag/an; after 150h 196 mg/cnr (after deecaling). 
In the latter case none of the alloys was unaffected by the corrosion. The attack was very irregular, 
sane regions being virtually unattacked, others being cxapletely penetrated. 

The effect of two different sulphur trioKlde levels in the gas stream was, tes ted: 6 ppn and 150 rp«, 
Por Inoo 700 the weight losses in a 15Ch test at ISOOT were 7.40 an) 196 mg/an respectively. The 
authors consider that the S03 stabilised the sulphate salt coating on the specimens. 

L. D. Graham, J. D. Gadd and R. J. Qjigg, Hot Corrosion Problems Associated with Gas TVirblnes, ASTM 
Special Technical Publication STP 421, 1967, 105. 

See 7130 for details. Inconel 700 was one of the best two alloys (the other was Waspaloy) 
in a crucible test. Order of magnitude better than U 700, PORL 163, 713C. 

F. J. Wall and S. T. Michael, Hot Corrosion Problons Associated with Gas Turbines ASTM Special Technical 
Publication STP 421, 1967, 223. 

See 713C for an extended sirtmary. Specimens of several comercial alloys were coated with 50% 
Na,S0./5O% MgS04 and oxidised in a simulated combustion gas at 1250, 1350 and 145CF (677, 732, 788¾) 
for times up to lOOOh. The alloys were identified only by nvmber and by approximate oaipositions, but 
alley No. 17 appears to be Inconel 700. Figure 9.1 shows the kinetics of the corrosion at the three 
taiperatures. The corrosion resistance was rate "poor" (the same as U 700 (?), Nicrotung (?)ard 
713C ( ?)). Waspaloy (?) and U500(?) were rated "good". 

C. J. Spengler, S. Y. Lee and W. E. Young in "Deposition and Corrosion in Gas Turbines" A. B. Hart and 
A. J. B. Cutler (eds.) (Applied Science Publishers London, (1973) 294. 

See U500 for details. 

C. E. Hussey, S. Y. Lee and W. E. Young, paper presented to ASTM Annual Mae ting, Synposiim on Gas TUrbine 
Fuel Requirements, Handling and Quality Control, June 1972. 

See U500 for extended sumary. Figure 9.2 shows an exanple of a First stage Inoo 700 rotor blade. 

Data relating to this alloy will also be found in the following Figures: 
10.67, 10.68, 45.38. 
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Fipurt* 9.i. lobti til
Cr-3 A1 all* y aftt'T fxpohun 

to 1250. 1350, and IA50 }
(ivali and Michael) .

fipiire* 9.2. First-slaKi- Imt. 700 
rotating blade*. 1965-66.
(Huf.s«*y «‘t al) .
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713 C and 713 LC 

J.J. Walters (AVCO/Lyooning Division) Technical Report to the Air Force Materials Laboratory. 
Wright-Patterson Air FOrce Base, AF>tL-TR-67-297 (Septaiter 1967). 

The auttior ranorks that AUX) Lycoming's experience with hot corrosion began with the discovery, 
at engine overhaul, of corrosion on an uncnateci 713C T53 gas producer nozzle vanes after they had been in 
service in Vietnam. About tiie same time, the U.S. Navy returned a T53-L-11 engine fron Patuxent River 
because of premature turbine failure, which again turned out to be due to hot-corrosion of uncoatod 
713C nozzle guide vanes. A similar attack was observed on uncoated 713C hardware from AVCO Lyoomira's 
marine engines (LVS, LVU) which were lieing developed during this period. The AVCO Lycoming environmental 
test rig was built, .and Figure loi shews good correlation between the 1201) tests in this rig with 
6ppn salt in the air with engine tests in 1S3-L-H engines with Ippm salt in the air (60 and 9Qh tests) 
for four alloys, including 713C. See B 1900 for a suimary of the test procedure in the present programe. 

713C was one of a group of alloys described as having "poor resistance to attack" - the others in 
this group were PORL 161 and PDRL 162. The results of testing at 1600 and 1750°F (871 and 955¾ 
peak netal Uirrçxîrature using JP-4 and JP-4R fuel with 4 and pjm salt in the air are shown under B 1900. 
The threshold and terminal temperatures after 120 and 360h testing using JP-4 fuel with 4 ppm salt in 
the air for713C are 1475 and 1700^ and 1450 and 175CPF (802 and 927^0, and 
788 and 955 C). 'Hie X-ray analysis of the corrosion products found on the trailing edge after 40h 
testing for 713C in order of predemirvnoe shewed N10, a spinel with a = 8.17 8, a trace of Al^O, and a 

Cr2°3' Products after 120h testing for 713C were the säte as at the shorter tin¿ Except that 
in addition there were small amounts of an unknewn phase. The corrosion products found in powder removed 
frem an area of a 713C specimen which had undergone hot corrosion in a 120h test were NiO, a spinel with 
ag “ 8-24 a of Al-O^, a trace of CrJJ a trace of Al-0,, and an unknewn phase. A microprcbe 
analysis of the depleted mCtál zone was 95¾ !7i, 0.34 Cr, 3.542MB 3.04 Al, 0.01% Ti and 0.24 Nb. 

Figure lu. 2 shews the attack of 713C as a function of temperature tested using JP-4 fuel with 8 pan 
salt in the air. Figure 10.3 shows the same for 713LC. Figure 10.4 - 713C, JP-4, 4 pan. Figure 10.5 
the same for 713U.’. Figure 10.6 - 713C, JP-4R, Spfan salt. Figure 10.7, the same for 713 1C 
10.b - 7i3C, JP-4R, 4 ppn salt. Figure 10.9, the sare for 713 LC. 
Figure 10.11, tlie same 713 LC. Figure 10.12 shews the corrosion as a function of temperature for" 713 C 
u‘-^ng JP-4 fuel with 4 ptm salt, for three test times - 120, 240 and 360h. 

Figure 
Figure 10.10; 7130, JP-5, 8 ppn salt. 

Figure 10.13 coipares the total corrosion for several alloys, including 7130, tested in JP-4 fuel 
with 4 ppn salt in the air for three times - 120, 240, and 360h. Figure 10.14 shews the depth of attack 
as a function of time at 1550 t (844 C) for three alloys, including 713 0. 

K.H. Ryan, J.R. Kildsig and P.E. Hamilton (Allison Division of General Motors) Technical Report to Wriqht- 
Patterson Air Force Base, Air Force Materials Laboratory AFML-TR-67-306 (August 1967). 

A detailed surrary of the procedure and the overall results is given under PDRL-163. 713 0 was one 
of a middle group of alloys (the others in the group were Mar-M 421, IN-100 and Inco 717). The effect of 
heat-treatment is small for 713C, and for 713C + 2% Cr, and 713 C + 24 + Y. Figure 10.15 shows the volire 
loss as a furctian of tenperature in the range 1700 - 1900% for both as-cast and heat-treated sanples of 
713C. figure 10.16 is the sa.e for 713C + 2% Cr. Figure 10.17 is the sate for 713C + 24 Cr + Y. 

A regression analysis was per^oyted for the cojrrosion in terms of tenperature and the alloy carpos i tice: 
loglO (VDluine loss> “ 5.85238 X 10 -1.33860 x 10 3 T2 + 6.32837 x lo” ^ ^ 

W/o W + 8.63834 x 10-2 w/o Nb 6.77702 X 10 
-2 

w/o Cr - 8.982 x lo“2 w/o Al + 11.2007 

Figure 10.18 aonpares the volume loss measured experimentally and that calculated from the above 
equation. Figure 10.19 is the same for 713 C + 2% Cr; Figure 10.20 the sane for 713 C + 2% Cr + Y. 

figure 10.21oshcws ligot and electron micrographs of corrosion on 713 C after 1900 and 2000°F 
c^c^^tefts 42¾ ‘“rá 1093 c>. Figure 10.22 shews the microstructuxe, and the mi cr aerobe analysis 
of 713C after 1800 F cyclic test (982 C). Figure 10.23 is the sane for a 1900°F (103¾) cyclic test. 
Figure 10.24 shews the same for 713C + 24 Cr after an 1800°F (982¾ cyclic test. T 

H.T. Quigg and R.M. Schirmer (Phillips Petroleun Ccrtpany, Research Division) Progress feport No. 4, 
Naval Air Systems Caimand Contract N0w65-O3lO-d August 1966, Phillips Petroleun Cotpany Report 4411 - 66R. 

This report is concerned with the effect of manganese and lead-containing additives in the fuel on 
hot oorrosion. The manganese is contained in a smoke-supressant additive; the lead was present at one 

lnjf3el Jf®3 lor carrier-based eperations. Ttests were in the Phillips 2 in ccnbustor at 1400, 1600, 
1800 and 2COO F, (760 , 871, 982, and 1093 C), 0 and 10.0 ppn salt in the air, 0.0002 and 0.40 wt % S in 
^íf1-J^aneS?,WaS at 15,14 ««I of the additive CI-2 per gallon, and lead at 15.33 ml of the 
additive TEL per gallon of fuel. The weight loss data are shewn in Tables 10-1. At most tenperatures there 
is relatively little difference in attack; in some particular cases the attack Is much more rapid or much 
slower with the additives. Table 10-11 shews apart!al analysis by X-ray diffraction of deposits fron 

fron^both t0 ^ Table 10-111 31x3 lt>IV «ho» partical oialysis by X-ray fluaresoerte of deposits 
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H.T. Qulgg and R.M. Schirmer. Progress Report No. 3 NASC Centrad NO 66-0263-d. Phillips Petrolevm 
Cc»p«>y, Research Division Report 4706-67R. (/^ril 1967). 

Phillips 2 in ccnbustor, 2000°F, (1093°C), < 0. 0040, 0.040 and 0.40 wt % S in the firlj 0 and 1 ppn 
sea salt in tiie air, test duration ip to 55h> 15 atm pressure, 745 ft per second gas \«locity, 60/1 air / 
fuel ratio. Most of the tests were on MI SCO-coa ted (packed aluninised) 713C, but some tests were 
run on in coated alleys. Ch the coated alloy, NiO was identified as the najor scale ccnponent, Ni 
(Al.Cr)^ 0^ as the minor arponents. Na-SO. was not detected. X-ray fluorescence detected S and K, 
but not Cl. Weight loss was evaluated In terms of an exponential growth curve: 

W = A BX 

where w is the weight loss per mit area, A,B are cuu-tants, and x is the exposure time. With no salt, 
A = 6.6 and B * 1.052; with 1.0 ppm salt and Q.004GS, A = 14.7 and B = 1.069, with the higher sulphur 
contents, the equation was written W = A B C8, where S is the sulphur content of the fuel; 
A = 10.29, B = 1.118 and C = 8.092. Fbr these equations, W is ¡’.qAarr x is in h, and S is in wt %. 
Figure 10.25 shevs the data for uncoated 713C with no sea salt in the air, and Figure 10.26 shows the 
data with 1.0 ppm sea salt. 

Figure 10.27 shows a section of a hot corroded 713C turbine blade frem a Navy scrap heap. 
Figure 10.28 shews a specimen exposed for 25h. at 2000°F (1093°C) with 1.0 pp.i sea salt and 0.4 wt t S 
in the fuel. 

The experimental data are in Table lOV. 

R.M. Schirmer and H.T. Qiigg, Progress Report cn NASC Contract NO 65-031O-d. Phillips Petroleum 
Corpany Research Division Report 4370 - 66 R. (June 1966). w 

Phillips 2 in ccnbustor, 15 atmospheres pressure, 565 - 805 ft per second gas velocity, 
5h cyclic test. 1400, 1600, 1800, 2000 and 2200 F (761, 871, 982, 1093, 1204 C); 0.0002, 0.040 and 
0.40 wt % S in the fuel; 0, 1.0 and 10.0 ppn sea salt in the air. 

Figure 10.29 shews the weight loss (after descaling) of 713C specimens for various test conditions. 
Table lOVI shews the weight loss for specimen in 5h tests under various conditions in different 
stages of the apparatus. Table 10-VII shews the measured sulphide penetration and penetration from 
weight loss of the test specimen: f^r 713C at 2000 F, 0.040 v/t % S, 10.0 ppn salt, the penetration from 
weight loss was 0.9 mils in 5h; the sulphide penetration was 9.8 mils in 5h. The durability of the 
alloys was curpared on the basis of cross-sectional area measurements: 713C appeared to be similar to 
U 500, and a lot better than IN-100. 

Figure 10-30 shews a cross section of a 713C turbine blade operated in the South Pacific for 600h. 
Figure 10-31 shows a 713C specimen corroded in the Phillips rig for 5h at 2000°F, 10 ppn salt in the 
air and 0.0602% S in the fuel. Figure 10-32 shows an electron microprobe of the sane specimen. 

Increasing the terperature fron 1400 to 1600°F (760 to 871°C) decreased metal weight loss 
significantly, at 0.40 wt % S, but had no significant effect at the two lewer sulphur contents. 
Increasing the terperature from 2000 to 2200 F (1093°C to 1204°C) significantly increased the 
weight loss at all three levels of sea salt. 

Metaloweight loss was significantly higher at 10.0 ppn salt than at 0. or 1.0 ppm for the range 
1400 - 1600 F. Increasing salt content increased the metal loss in most cases at the higher températures. 

Metal weight loss was significantly higher at 0.40 than at 0.040 wt % S at both 1400 and 
1600 F. Further reduction to 0.0002 wt % S had an effect at 1400°F, but was not significant at 1600°F. 
At higher terperatures there was no difference between loss at 0.40 and 0.040 wt i S, but both were 
higher than at 0.0002 wt % S. 

The report also studied 713C with a MDC-1 pack aluninised coating - the attack was slight under 
all oenditions. 

Figure 10.33 slicws the oxidised alloy after 5h at 2200°F, no sea salt, 0.0002 wt I S. 
Figure 10.34 shews sulphidation of the alloy after 5h at 1400°F, no sea salt, 0.40 at 4 S. Figure 10.35 
shews hot corrosion after 5h at 1600 F, 10 ppm salt, 0.0002 wt 4 S. Figure 10.36 slicws hot corrosion 
after 5h at 18CKJT, 10 ppn salt, 0.0002 wt 4 S. Figure 10.37 shews hot corrosion after bh at 22UO°F, 
10 ppm salt, 0.6002 wt 4 S. 

R. Viswanaihan Corrosion 24 (1968) 359. 

Westinghouse swirl furnace. No. 2 diesel fuel contaminated with 64 sulphur. Gas passed over 
platinised ceramic catalyst to qive large content of sulphur trioxide. Typical gas analysis 124 
00,; 3.2% 0,; 1500 ppm S02; 150 ppm SO^; remainder nitrogen. Cylindrical hollow specimens, ^ in 00, 
3/8 in ID, and S in long. Cleaned specimens coated with salt by dioping into a molten mixture of 
equal parts sodium and magnesian sulphates. Testing at 1500°F (816°C) for times of 10 - 200h. 
The corrosion was estimated by meta 1 lographic measurements of the thickness of "unaffected metal", the 
weight loss after descaling was also measured. 
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Tn™ 7m3_L 1 Í 1U'' 242 after 15cai; similar results an meo 700, U-700 and 
Inco 751 suggest the existen«? of an incubation period. After 150h, 32.2* of the metal was ur affected 
713-0 was one of tlx? poorest alloys tested, about the same as Mooting, rather better than ï-TOo*' 
ligure 10.38 shc^s the alloy after 150h: intense localised attack oc«lí4d? ^e author^aïÂat 
formation of grey sulphide occurs belav the outer oxide scale, and at considerable 
Preferential oxidation along paths of prior sulphidation. P tases. 

Ihe effect of two different levels of sulphur trioxide in 
For 713C, the weight losses in 150h test were 4.30 and 242 m/an 
the SO^ stabilises the sulpliate coating. 

Ijhe gas stream! 6 ppm and 150 ppm. 
respectively. The author considers that 

¡I. von 1. Doering and P.A. Bergman, Naval Sliip Kesearch .and Develojment Centre Materials Laboratorv 
Keseardi ond Developneî.t Keport No. 2844, March 1969. reooratory 

Ih^' ^urr^‘r 5ig is described in sore detail: fuel is injected through a nozzle, atemsed 
and burnt in the forward sections of a oeramic flame tube. Sea salt or other soMble contaminants are' 

r lnjlfCted XT Ä,I'Lustl<Jn area- 9^s salts are thorough? mi^^^^^ 
ifa^ix rSra?1^ W131 SlfS ln ^ tube. The test specSnfaf 
frtlv ffnyf?ff r f nm demstream of the cerbustor; they are partly heated by the flame and 

^ b^C? hedt"1's' pennitting operation between 1500 and 2100°F (816 and 1149°C). 
'ar ‘“fr1 ra;lœ vari’ ircr’ 15/1 (approximately stoichiometric) through at least 60/1 Diesel and hian 

“trocT’ ^ ^ » dÂUîTu'Æ“9" 
i /« ir.fî.fft st?fd he{d 0 specir.ents, >5 in dianeter, 3 in long. Sometimes, up to 48 smaller specimens - 
lúllui r U ^ l0ng " “Uld ^ simulaneously. The sjxicimen fixtures '.verfíaf of 

il-' tor ros ion was evaluated metal lographically, determining surface loss and maximum penetration. 

Ttats were run in this programe on 9 alloys; the designation in the paper are non-standard 
a:rJ;nal CürP°sifions tabulated show ¿hem to be 713C^tfLfx, Sof Ín-IOO 

l11-' X4(J ^d L605. Tests at 0.5, 5.0 and 200 ppm sea salt were run, mostly the latter ' 
..o. Ae la^-salt rui».' v/ere for 5CC» and lOOQh, the 200 pa.1 salt tests for 100h. Ccrparison with 

corroded sections in pra^ice suggests Uiat the 0.5 ppn salr. level is ncre realistic divina more 

, if3? Sh?'S STÆrC h? curr0;il0t * 713c lst stage nozzle guide vanes. Figure 10.40 shows 
. leading edge, ana ligure 10.41 shows a c'.etail of the metal/oorrosion interface showina 

the sulphides, ligure 10.41 shows a 713C specimen tested at 155ü°F (844 fnr n r ' ^ 
.at. and n^e to.« ato* a ,po=ln»„ tosto'TÂ (S5Æ“ L KJS "“’.alt."” *“ 

,_1x1 general, the alloys shewed no cerros ion below a certain température, and little above another 
te£?ratfe\ fio T Sjlt' terperature range for hot corrosion was 1525 - 1800^F (thfupper 

iS f if de;x?n(ient> ^ut no mere data are given). For 220 ppm salt, looh, it is 1625 - 
• .n; aut->ors consider that the lo?er tenijerature would certainly be reduced if the tests were 

continued for a longer time (uplying tie existence of an incubation period). 

7130 is one of the poorer alloys, poorer than BIX but better than IN-100 in the lower salt 
eshs, with the higher salt concentration the alley was ccipletely destroyed in the test. 

H.T. Ouigg and R.M. Nchirrer, Final Sumar/ ¡«¡ort on NASC Contract NÜ0019-C-67-0275. Phillips 
Petroleum. Ccnpany Research Division Report 5058-68R (May 1968). ^ 

..f ,. ^ !!aG?vÄn^t,n^'o?ncen?od wi^ ^'‘tod 713C and Mar-M 200 in the Phillips 2 in combustor 
1J ^d 20.XJ I (1093 C); 0.4, 0.04 and <0.004 ¡er cent sulphur in the fuel, and 0 and 1.0 pm 

Mrfïd fofr f 8 H^'^uel?^ Wit,‘ °'4t S 10 fue1' 0 and ^ in the 

ligure lo.44 shows a section of a sjecren oxidised in salt-free gat at 2000°F for 55h: sulphur conten' 

ÎM^JS ¡?Ä! ^ «*> - - Ä ST" 
iqht los-; J dRiJOsit «fcight data for the 713C iaecimens in the vanadium 

jp ' . 10.45 shws a cros:.-section of a 713C steelmen after 55h, at .000°F with 0.017 pm V 
in ti.c air. ligure lu.46 allows a specimen after the sane tire with 0.063 pm ’ in the air. 

luA]uShaTu, specimen after 20li at 20006F with 1.0 pm sea salt and 0.0Ó3 «n V in the air. 
ligures 10.48 ana 10.49 siiav the fiat corrosion data in graphical fonr.. 

.,4 .fS ifase relationships for Na,S0., were calculated and corpared with the analysis of deposits on 
Misco MDC-9 coated 713C exposed for ¿5h4at 1400, 1600 and 18008F (see earlier lertîon) The aShoS 
conclude that condensation of sodium sulphate is not a reejuisite for hot corrosion. 

Covers essentially the sane ground as the previous report, 

IUMULé 
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R. Field, D.J. Fisk and II. ven E. Doering, Naval Ship Research and Development Centre. Materials 
Labor.itory Research and Development Report 2833 (January 1969). 

lhe report extends the method of statistical analysis described in the report by Ryan, 
Kildsig and Hamilton abstracted above to a total of 137 alloys tested in the small burner rig, 
including 17 corrercial nickel-base superalloys. The test temperatures ranged fron 1600 to 
2125°F (871 - 1163 C), times from 86 to 100h with 200 ppn salt and fron 489 to HOOh with 5 ppm salt. 
A total of 969 tests were examined in the regression analyses. The alloys tested included IN-100, 
SM-200, 713C, Rene 41, U-500, U-700, SEL. SEL-15, PDRL 163. 

V.S. Nbore and A.R. Stetson, Final Iteport On NASC Contract No. N00019-68-C-0532 (Solar Research Division 
Report RDR 1626-5) (December 1970). 

See B 1900 for details. Figure 10.50 slwws the microstructure of a specimen exposed for 6Ch at 
1650°F. 

Figure 10.51 compares the ranking of the alloys tested! 713C is better than Mar-M-246 but not 
a- good as Rene 41. Table in Appendix II lists the cumulative weight change on the alloys: two 
upe imens of 713C were tested at 1650°F. 

weight change: Specimen 1 +4.9 +6.4 +7.2 +12.8 +12.8 +14.9 

mg. Specimen 2 +8.9 +11.8 +11.6 +18.2 -17.6 -104.7 

Exposure time, hours. 10 20 30 40 50 60 

Tao specimens were tested for lOh at 1800°F: the weight changes were -4.18 and -81.3 mg respectively. 

H.T. Quigg and R.M. Schirmer, Progress Report No. 3 on NASC Contract No. MD0019-68-C-0252 
(Phillips Petroleun Company Research and Development Report 5423-69) July 1969. 

This report is concerned with the use of the Phillips Turbine Simulator using a cyclic 
temperature procedure. The conditions 15 atm. pressure, 1.0 ppm sea salt in the air, 0.04 wt % S in 
the fuel at nominal exhaust-gas tenperatures cycled from lOOOO to a maxinun of 2000°F (538 -1093 C). 
The cyclic testing was halted at llh intervals to allow visual inspection of specimens. The 713C 
tested in the earlier programe was t£~.ted in this, together with the alloys of the ASTM Round Robin 
program®. After exposure the specime s were weighted with the scale and deposit in place, then 
electrocleaned and weighed again, the difference being the "deposit weight" expressed as per unit area. 

The data for the ASTM alloys are shown in Table 10.XI and Table 10.XII shows a listing for the 
713C tested in the ear lier ^programe. The data are subjected to statistical analysis, and a "time to produce 
a -weight loss of 127 mg/on " calculated: 

SuperaiIcy Source Exposure time for 127 mg/on , hours. 

IN-100 
U-700 
713C 
Mar M421 
IN-738 
U-500 
713C 

ASTM 
ASTM 
ASTM 
ASTM 
ASTM 
ASTM 
Mi sco 

11 
35 
37 
42 
55 
81 
48 

Figure 10.52 shows the weight loss of bare and coated 713C as a function of time, and Figure 10.53 
shows the rame for all the ASTM alloys. 

TaL’e 10.XIII shows the penetration data for the ASTM alloys, 

This test was approximately six times more severe than that in the earlier tests. 

Figure 10.54 shows the attack of the ASTM allays after 44h 2000°F cyclic test. Figure 10.55 shews 
the attack for a 713C specimen in a similar test, and Figure 10.56 shews a detail of the interface on 
the same specimen. 

The cycle time was 8 min at 1600, 1800, and 2000°F, 2 min at 1000°F. 

In a 44h test with a nwximum gas barperature of 2000°F (1093°C) the weight loss of 713C was 
200 mg/on2, the surface loss 31 mils and the maxinun attack 32 mils. This was significantly worse 
than U-700, but much better than IN-100. 

ASTM Round Robin Test organized by the Hot Corrosion Task Force of the Gas Turbine Panel, 1970. 

A group of six alloys (713C, IN-100, U-700, Mar-M 421, IN-738, and U-500) were tested by 15 
participants. Table lOXIV lists the participants' test conditions. Table 10-XV shows the ranking 
of the alloys by the participants - 713C was one of the worst tve in everybody's test, the other 
usually being IN-100. Table 10-XVI shows the attack in lOOh tests at 1650F - for 713C the mean surface 
loss was 41.0 mils, the median 31.0 mils; the mean maximum attack is 53.1 mils, the median 41.3 mils. 
Figure 1057 shows the loss in diameter for 713C reported by the various participants. 
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H.T. Quigg, R.M. Schirmer and L. Baguetto, Kinal Heport on NASC Contract No. N00Ü19-6O-C-O221 

(Phillips Petroleum Corpany Research and Developmnt Report 5732-70) July 1970. 

This is an extension of the earlier studies rx> determine whether a further lowering of the 
sulphur content of the fuel to 0.0004 wt % would reduce hot corrosion. Again the Phillips Turbine 

Suiüator was used, operating at 15 atm pressure wi'Ji the gas temperature and velocity at the test 
specimens cycled fron 1000 - 2000 F (538 - 1093 C) and 163 - 275 ft/ sec by control of the fuel flow. 

Sea salt was added to the inlet air at a concentrai.ion of 1 ppm. On the basis of visual ratings trade 
at the end of each 5h period, specimens were removed fron test after exposures of 5 - 165 h. 

After it was removed from the specimen holder after exposure each specimen was weighed. A 

sarpie of surface scale was removed by scraping with a spatula, and the specimen was then electrocleaned. 

The difference betveen the weight after test and the weight after electrocleaning was recorded as the 
■weight of surface scale. Table lO-XVII shews the results: Test 1 is with 0.040 wt % S in the fuel, 
Test 2 with 0.0004 wt % S. For uncoated 713C after 10h there seems little difference. The Table also 
lists the weight loss data for all the experiments. With 0.0004% S in the fuel 713C, U-700, U-710 and 
IN-738 are fairly similar; with 0.040% S 713C is very much worse than the other three. 

P.A. Bergman, C.T. Suns and A.N. Beltran, in "Hot Corrosion Problems Associated with Gets Turbines" 
ASTM Special Tedinical Publication SIT 421 (1967) 38. 

This pager describes work designed to develop a nickel-base alloy for turbine blade application 
at 1600F (871 with the strengt): and reliability of 713 and a oobalt—base alloy for vane service 

at 1900“F (1038 C) with mechanical properties equivalent to WI-52. These alloys had to be capable of 

50üûh in a 1* S in diesel fuel conbusted with air containing 1 ppm by weight sea salt. The alloys 
•were tested in a small burner rig. They included a number of experimental alloys, and the 

centercial alloys WI-52, SM-302, X-45, SEL, Inoo 713, SM-200, U-700, U-500 and Hastelloy X for comparison. 
The evaluation of the corrosion was by metallographic measurement of the surface loss and the 

maximn penetration. The rig burnt a diesel fuel containing 1% S, and added 200 ppm sea salt to the 

air. All tests were run for 100):. 713C was used in all tests as an example of an alloy with poor hot- 
corrosion resistance: SEL was included as an example of mid-range hot-oorrosion resistance. 

At 1750°f (955°C) 4 tests of 713C produced a range of maximum penetration of 34 to 49 mils. 
Figure 10-58 caipares the hot-oorrosion of the ocrmercial alloys on a bar-diagram. 713C seems the 
■worst of the nickel-base alloys at 1600°F (871°C), but is better than SEL, SM-200 and U-700 at 
1750°F (955°C). 

L.J. Donachie, Jr., R.A. Sprague, R.N. Russell, K.G. Boll and E.F, Bradley, Hot Corrosion Problems 
Associated with Gas Turbines, ASTM Special Technical Publication STT 421, 1967, 85. 

This paper reports investigatiens using tiie Pratt and Whitney burner test rig using (a) a narine 
diesel oil with It S or (b) JP-5R fut'l with 0.4*. S. Sea salt was injected in to the combustion gases, 
at a&level of 3.5, 7 or 35 pp . The test terperatures -were 1450, 1650 and 2000F (788, 899 and 

1093 C) and the test durations were 50 or lOOh. The specimens wore -wedge-shaped, to simulate an airfoil 

section, and were rotated in the gas stream. The specimens were removed and weighed every 2Qh or so. 
At the end of the test they were descaled and the metal loss measured. Metallographie examination 
of transverse section was performed. In addition, sone early crucible tests are desci tied. 

Figure 10.59 shews a section through a 713 blade from a turbo prop engine showing light-grey 

~r7-'2 '1 P^-ase ahead of t)>e oxidation front. Figure 10.6o shews a section of a specimen tested in a 
90710 Na2504 /NaCi mixture in a crucible test at 1650T (899°C). 

Table lOXVIll lists the test conditions used in the burner rig. For 713C, they -were (a) 
JP-5R; 0.4% S; 3.5 ppm salt, 165J F (899 C); lOOh. (b) Marine diesel; 1.0% S; 3.5 ppm salt; 1650F; 
Sti:. (c) Marine diesel; US; 7 ppm salt; 1650F; 50): (d) Marine diesel; US; 35 ptm salt; 1650F; 
50h; and (e) Marine diesel; IIS; 3.5 ppm salt; 2000 F (1093 C); 50h. 

The -weight diange dab: are listed in Tables lOXIX a, b, and c; Table 10-XIX d also shows the 
thickness change. Figure 10-61 corpares the weight loss of 713C, Mar-M 302 and A*B 5382 (X-40) on a 

bar diagram. 713 is very similar to Mar-M 302 at both 1650 and 2000F. (no salt concentrations, 
fuel type or tines given for tills diagram). Figure 10.62 shows tlx: effect of salt concentration on 

the attack of 713, U-700, Mar-M 302 and X-40 (no temperature cr fuel quoted) - the nickel-base alloys 
are nach more susceptible to salt oonoentration than the cobalt-base. 

figure 1°-63 shews the -weight change of U-700, Kaspalloy, IN-100, and 713, as a function of time 
at 1650 1 with JP-5R fuel and 3.5 ptm salt. 713 seens about the same as cast U-700, much better than 
IN-lco. Wrought U-7u0 and Waspalloy were mud: better. 

Figure 10.64 shows a section of a 713 specimen after 26h at 1800°F (982°C) in burner rig 
(no fuel type, salt ccnœntration given). 

Figure ÿj.65 shows the difference between 501: with 35 ppm salt and 5ouh with 3.5 ppm salt 

tests at 1650 F using 1% U diesel fuel. The lunijer test is more severe for all the alloys tested (713, 
0-7CXJ, Mar-M 302 and X-40) but whereas tie nickel alloys appear about the same as each other and mud: 

worse than the cobalt-base alloys after Uk: shorter test, after the longer one U-700 is about tie some 

as the cobalt-base alleys and 713 is very considerably worse. Fig. 10.66 shows the variation of the 
weight d:ange with tire in these tests. 



L.D. Gr ali an, J.D. Gadd and R.J. aügg, Hot Corrosion Problems Associated with Gas Turbines, ASTM 
Special Technical Publication STP 421, 1967, 105. 

n allcyS " 713C' ^000°1 700» IN-100, Wanpalloy, U-700, PDHL 163, War-M 200, 
B Tw 1900, WI-52, and r*ar-M 302 were tested in a crucible test: 99% Na^SO-, 1% NaCl in 
a 30nil silica cmcible. 1600, 1700, 1800, 1900 and 2000°F (871, 927, 982, 1038; and 1093°C) ; 
1,2,5 and 25h. After corrosion, scale relieved by cathodic descaling, corrosion reported as weight loss. 
Sane specimens exanined metallagraphically without descaling. Scale mechanically removed from seme 
alleys and examined by X-ray diffraction. 

ligurg 10.67 ixnpares the results for an 1800°F crucible test with the Pratt and Whitney burner 
rig at 165u F (899 C) for five of the allays- B 1900, 713C, PDRL 163, U-700 and Inccnel 700 showing 
a reasonable correlation. Figure 10.68 ranks the alloys in terre of the 1800T, Ih crucible test. 
Mar-M 302, TRV 1900, B 1900, and Mar-M 200 are together very bad, losing about 2g. 713C, IN-100 
(coarse grain) and PDHL 163 are next, losing 0.3g. IN-100 (fine grain) is rather better, losing less 
than 0.2g. U-700 and WI-52 are quite good, losing about O.lg, and Waspallcy and Inccnel 700 are the 
best, losing less than O.Olg. (This order is really a little suspect, in view of later information). 

Attack increased with tefq»rature for 713C in the range 1600 - 1800°F, but diminished at 2000°F. 

' llot Coxeei«! Problems Associated with Gas Turbines, AS7M Special Itedinical Publication STP 

Fbjure 10.69 shews the corrosion of a 7130 nozzle diaphragm which operated in a marine 
environment for only 250h. Tie paper is principally concerned with hot oorrosion testing of coated alloys, 
but sore results are presented for unooated alleys. The GE small burner rig was used, burning JP fuel. 
The air/fuel ratio was 40/1. Salt was injected at lOC^ppn of the air. The oorrosion was evaluated in 
terms of weight change. Figure 10.70 shews the results! at 1675, 1800 and 1875 (913, 982 and 1024°C) 
the sgecimens gained weight rapidly, "erupting" (meaning not defined) after 14h or less. At 2000 t 
(1093 C) the specimen lost weight ccntinuausly. 

F.E. Hamilton, K.H. Ryan and L.S. Nichols, Hot Corrosion Problems Associated with Las Turbines, 
ASIN Special Technical Publication, SIP 421, 1967, 188. 

remark that Allison Division of General Motors have observed distress from hot oorrosion cn 
several nickel bearing materials operating in a variety of environmental parameters, but the most 
extensive experience has been with 713C turbine blattes in the following types of service : 

(a) Aircraft engines using JP-4 and JP-5 fuel both inland and sea coastal service. 
(b) Stationary engines using natural gas fuel, inland locations. 
(c) Engines in Indianapolis test stands using JP-4 fuel with no intentional sulphur ccn*-unination. 

Figure 10.71 shews a "typically appearing" turbine blade which has undergone hot corrosion attack: 
there is heavy corrosion on the concave surface with grey globular sulphide particles in the metal ahead 
of the oxidation front. Figure 10.72 shews the transverse cross section of six turbine blades 
operated in the same engine for 2700h. TWo show sewre distress, while the others show only minor 
effects of attack, ligure 10.73 shews a group of blades which operated almost entirely over the ocean 
using air fields at sea-coast locations. "Marine atmosphere exposure appears to drastically accelerate 
the sulphidation attack as is indicated by these parts shown at first teardown, with consider, bly 
less servioe than the blades in Figs. 10.71 and 10.7;". 

To oate, the authors had seen isolated cases of hot oorrosion of Waspalloy, Inco 901, A 286 
and 16- 25-6 materials after long time servioe as turbine wheel or spacer components which should 
normally operate at tenperatures below 1400F (760 C). 

Electron microprobo traces of a corroded 7130 surface, demonstrated that the sulphides were 
diromium-rich. 

20 blades shewing gross oxidation and 20 shewing only slight oxidation were taken from a 
single rotor. There was a better correlation of the attack with the (chromium and aluminiun) content 
than with chraniun content along. 

Three testg were used: sore specimens were run in the Phillips Turbine Envirorrental Simulator 
at 1500 and 2000 !• (816 and 1093 C); 0*0002% and 0.40% S in tne fuel; 10 ppm sea salt to the inlet 
air. First stage turbine blades were used as specimens. A second test was an engine test, using 
a T56 turboprop test stand engine modified to inject synthetic sea water through the fuel nozzle, 
while burning JP-5 fuel. The salt œntent was 0.75 ppm of the air. 30 cycles each of 30 min at a 
turbine inlet terperature of 1780 1 (971 C) were used. Micro-structural examination of a bare 713C 
blade after 30 cycles of testing in the test engine indicates this corrosion Is identical to that 
observed on the turbine blades returned from flight servioe. Figure 10.74 shows four allays 
(Inoo 717, 713C, TRW 1900, and SM 200) subjected to a test at 1880F (1027°C) with 15 ppn salt 
injection: this test was regarded as in typically severe. The third test was a modified thermal fatigue 
apparatus. A cycle consisted of heating 8 rotating (1800 rpm) standard turbine blade test specimens 
in the furnace area to 1750^1 (955 C) in 1.5 min by means of a city gas-air burner, at which time the 
entire rotating unit was retracted Into a cooling charter where it was sprayed with, a sodium sulphate 
or sodiun chloride - deionized water solution, or both, for 0.5 min. A ocnplete tost consisted of 
500 cycles. Again, the microstructural characteristics of the oorrosion produced In the laboratory 
rig were very similar to the hot oorrosion in servioe engines. The oorrosion was assessed by 

k , M, 



diîteminü»; the weight lusa after descaling. 

Figure 10.75 curares tie performance of five alloys, four in a stationary engine using natural 
gas fuel at an inland location, 2uOUh service Unco 717, IW.’ 1900, Mar-M 200 and 713C) and two in a 
test-stand engine, JP-5 fuel, 570h service (713C and B 1900). In addition, the relative performance 
of the son.' five alloys togetiier with IN-100 in tlie test stand engine with salt injection is shown. 

Figure 10.70 otrpores the performance of four alloys in tlie cyclic salt spray tests 713C was 
the worst, PDRL 163 next, tlien MAH-H 21111 .ind Best of all H)RI. 163 with lot cobalt. 

W.L. Mheatfall, H. Uoering and G.J. Ilmek, Jr. Hot Corrosion Problems Associated with (las Turbines, 
ASTM Special Technical Publication STT* 421, 1967, 2o6. 

Ihe effect of nulten salts - Na2S0,, NaCl .ind mixtures - (jn tlie bdiaviour at 1650F (899°C) of two 
Siçeralloyç, AMS 5391A, wliich uppers to Be 713U-', ami AMS 5384, wtiicli apjxjars to be U-500. One series of 
tests used .m electrochemical technique measuring tlie electrode ¡jotential of the alley In tlie molten 
salt versus a platinan electrode, with either still air or argon atmospheres. In addition, oxidation 
experiments for tines up to 25uh in air wen; conducted. 

Table lO-XX shews tlie results, ami Figure 10.77 shews a potential/tine curve for 7131£. 

F.J. Wall and S.T. Michael, Hot Corrosion Problems Associated with (las Turbines /iSTO Special Technical 
Publication STP 421, 1967, 223. 

This paper is cenoemed with corrosion in industrial turbines burning natural gas: it is noted that 
oc rosion was first observed in a 1350F (7320 inlet gas t wipe rature turbine located in Japan. Ihe 
rjtating blade alloy v/us a nickel-base precipitation hardening alloy containing about 15 per cent 
chrcraum (0700?). The natural gas contained on abnormally high amount of hydrogen sulphide 
(10-13t) and the turbine was located near tlie sea coast. Hie next sign of corrosion attack when burning 
natural gas occurred In a l45o°F inlet gas ter per atare turbine located in a Canadian prairie. Tlie 
attack occurred on first stage stationary vanes made of a nickel-base, precipitation hardened alloy 
containing about 13% Cr (71X7). however, in tills case the level of hydrogen sulphide was so lew that 
it could not be detected by chrcrHtographic or miss spoctrcsnetric techniques. Isolated attack on 
stationary diaphragms with vanes of tlie sane alloy was observed under various conditions ranging from 
burning distillate oils to lew level hydrogen sulphide natural gas and from atmospheres associated with 
isolated sea coasts to those associated with highly industrialised areas. Figure 10.78 shows an exanple. 

An apparatus was constructed which allowed a controlled atnpspiiere to be passed over specimens in 
a furnace. The atmos¡jhere was selected to simulate the oorbustion of a natural gas containing 10» H_S. 
The gas exposition was typically 77.7% nitrogen, 16.7% oxygen, 2.13- carbon dioxide, 3.33% water, 
and 0.14s sulphur dioxide. Samples of ta-13 Cr-6 A1 (airrxtel of 713C) and Ni-15 Cr-l/d (a model of no 
very obvious alley) -were exposed to the gas at 1450'JF for lOOh with no visual signs of attack. 
Subsequent analysis of turbine operatimj experience indicated teat corrosion was rust likely associated 
with ash deposit, sc; specimens -were coated with various salt mixtures. A representative deposit, 
of Sy. Nd^SO. + So; MgSO. was selected: tills is a eutectic mixture with a melting point of about 125u°F 
(6771c). a standard test consisted of coating specimens with tins mixture and exposing then, to tlie 
simulated ccrbustion gas for KJOh at 1450 'I'. Specimens of 25 ocrrurcially available alloys were tested: 
these are listed in terms of najor constituents, but are not named. Identification is not absolutely 
certain: but included are X-4u, WI-52, Hastelloy X, £ 816, Waspaloy, U-500, U-700, Nicrotung, 713C, 
and Mar-M 2<Jj, in iecreasing order of oorrosicn resist anee. 

Corrosion rate tests were performed at 1250, 1350 and 1450°F (677, 732 and 786°C) corroded for 
various times. Four nickel-base alloys (apparently 713C, Inconel 700, U-500, and Ka 333), a cobalt-base 
alloy (apparently X-4o) and an iron-base alloy (a 20 Ni 25 Cr steel) were included in tlierc tests, 
l legare 10.79 shows the results for 71X(?). Hie .mount of sulphur in tlie gas stream played a minor part 
in trie corrosion. 

Overall analysis suggested that tliere is .in "incubation time" at each température during which 
attack is negligible. Hie length depends on temperature and alley exposition. For exarple, at 
1450°F, alloys with 25% Cr exhibit an incubation period in exoess of lOOOh. 

Specimens of 713C(?) and U-5üü(?) va;re subject to electron probe nicroanalysis. Fitgure 10.80 shows 
the result for 713C exposed for 90h at 1450 F. The Internal sul[hides had the FeCr^S. crystal structure, 
and contained Cr, Al, Ti, Mo and S. ¿ 4 

Many of the alloys were attacked at 1250°F, and even at 1750F, but were resistant at 1450°F. 

R.M. Sctiirmer and H.T. Quigg, Hot Corrosion Priblu's Associated witli tos Turbines, ASTM Special Tedinical 
l^biication S1TJ 421, 1967, 270. 

This paper is based on tlie reports .ibstracted oluve. Figure 10.81 shows 713C turbine blades fran 
a U.S. Navy aircraft turbine, and Figure lu.82 shows a section of the metal/scale interface on one of 
the same blades. Tests are reported in the Phillins bnvironmental Simulator at 1400, 1600, 180o, 2000 
and 220ÜF (760, 871, 982, 1093 and 1204°C); JP-5 fuel with 0.0002, 0.040 and 0.40% S; 0, 1.0 and 
10.0 ppm, sea salt in the air. The alloys tested were 71X, un coated and with an MDC-l [jack aluninised 
coating, IN-100, SM-200, U-500 and WI-52. Weight loss data is presented in Table lO-XXI. Hie relative 
durability of the alloys was ccrpared: coated 713C was test, followed liy U-500: 713C was only a little 
v»rse. The remaining alloys were quite significantly worse. 
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In discussion, the authors quote experiments at HOxPf using the very 1cm sulphur fuel, 
and injecting (a) 15 ppm sea salt, (b) 9 ppm sodivm or !c) no salt. The weight losses were 
0.2% with no salt, 8.7% with sea salt, and 14.2% with NaCl (see also SM-200, which shows that NaCH 
is even worse). 

S.Y. Lee and W.E. Young, in Conbustion and Heat Transfir in Gas Turbine Systems, Cranfield 
Syrposiim No. 11, E.R. No rater (ed) (Pergamon, Oxford 1971) 253. 

Describes a single snail burner test involving specbens mounted on a table rotated at 2000 rpm: 
this was heated in a fumaoe for Ih, then withdrawn and cooled by a 2 min air blast. The holder 
accomodated 24 fc in diameter pins. A standard test run was 1000 cycles with frequent removal of the 
specimens for weighing. In addition, a high-pressure rig designed arxxod an actual gas turbine ocnbustor 
is described. It sinulates the pressure, temperature, gas velocity and flow as found in a turbine, 
and will handle a wide variety of fuels with and without contaminants. 

Corrosion was evaluated by descaling, measuring the weight loss and determining the surface 
roughness using a modified Brush surface analyser. 

The first series of tests in the high-pressure rig were 5Ch duration, doing a 7h day using 
norr.al start-up and shut down cycling. Gas stream velocity at the test section was 500 ft/sec. Natural 
gas or diesel oil (Gulf Dieselect) was used. Sulphur was introduced by mixing the appropriate amount 
of ditertiary butyl disulphide in the diesel oil. Contaminants could be added either into the fuel 
or the air: in the latter case a water solution of NaCl and MgCl, was sprayed directly into the air 
stream just ahead of the carbustor. Table lO-XXIl lists the test conditions. 

Table lOXXIII sumarises the deposits and corrosion products on the specimen surface. Table 
lO-XXIV lists the weight loss (after descaling) data. 

It appeared that the presence of an extremely small amount of sodivm (less than 0.5 ppm in the 
fuel) was enough to form sodivm sulphate and to form a deposit on the specimen surface. However, when 
natural gas which contains no sulphur was used (in test 10) ru evidence of sulphidation was fovmd on 
the specimen although other contaminants such as particular sulpoates of sodivm and magnesivm could be 
present in the atmospheric air and ingested through the ocrpressoi intake. 

Figure 10.83 shows the effect of pressure on the oxidation rave of four alloys in a 150h test at 
1800°F <982°C): at 1 atm pressure the oxidation of X-45, IN-738X, U-SOO and 713C Is roughly the same, 
with 713C the best, and X-45 next. At 3 atm pressure, 713C is still the best, but the other 
three are quite a bit worse, and X-45 is the worst of all. 

S.Y. Lee, S.M. DeCorso and VJ.E. Young, J. Engineering for Power (Trans ASME) July 1971, 313. 

Paper is mainly concerned with a ccrparison of U-500 and X-45, but one or two graphs include 
data for 713C. See U-500 for details. 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to Naval Air Systene Ccrmand on Contract 
100019-700-0293 (Phillips Petroleun Corpany Research and Development Report 5903-71) January 1971. 

An extension of the earlier studies, using the Phillips Turbine Simulator, to determine the 
effect of fuel sulphur on the corrosion of turbine blade materials. This part was aimed at 
discovering if there is a "threshold" level of sulphur below which there is no oorroeion. Specimens 
were cycled from 2QUO to 1000°F (1093 to 538 C) with gas velocities from 275 to 163 ft/sec at a presssure 
of 15 atm. Sea water was added at a concentration equivalent to 1 pjm sea salt in the inlet air. 
13 different superalloys (713C, B1900, Mar-M 246, Mar-M 200, IN-100, U-700, IN-738, U-710, WI-52, 
Kai^M 509, Mar-M 302, X-40 and AiResist 215) and 20 different siper al loy/ooat ing combinat ions were 
exposed frexn 5 to 165 h using a fuel containing 0.0040 wt % S in an experiment designed to allow 
oonparison with the earlier tests using fuels containing 0.040 and 0.0004 wt. % S. 

Tide lö-XXV shows the weight of surface scale the weight loss after descaling, and the visual 
estimation of the attack, for all the specimens, and Includes the data for 0.0004 and 0.04% S from 
the earlier tests. Table 10-XXVI shows the X-ray diffraction analysis of the scale products. 
Interestingly, tJa2S0. was only occasionally identified. The principal products for all the alloys were 
nonoxides and spine)!. Sodivm sulphate was also analysed by wet chemical methods on powdered scale from 
three tests: the sarrple represented all the scale from all exposed test specimens at a particular sulphur 
level. Soluble sodium and sulphate were present in all cases, and the amount increased with increasing 
sulphur content. At the lowest sulphur content, there was five times as nuch sodivm present as is 
required to tie qp the sulphur, so presumably other sodivm salts were present. At the highest sulphur 
content, most of the sodivm will have been present as sodivm sulphate. 

The visual appearance of the cleaned specimens followed the following general principles: 

(i) The low-chromiim superalloys (B190U, Mar-M 246, Mar-M 200, and IN 100) appeared smooth and bright. 

(ii) The high chrcmivm nickel-base superalloys (U-710 and IN-738) and the oobalt-base superalloys 
(WI-52, Mar-M 509, Mar-M 302 and X-40) have porous and dirty surfaces. 

Figure 10.84 (a) presents the effect of sulphur content of the fuel on hot oorroeion for four 
unooated superalloys including 713C, which is noticeably worse than the others (U-700, U-710, XN1738) 
at the highest sulphur content» little difference between them all at lewer sulphate contents. 



Kiljure 10.84 (b) presents similar ilata for the reruininq four superalloys which all air role at 
approximately Uu? sane rate: the data are plotted for four different tires. 

K. Krdfts in "Deposition and Corrosion in Gas Turbines", A.B. Hut .md A.J.B. Cutler (eds.) 
(Ajiplied Science Tublishirs, loxlon 1973) 115. 

'Ifus paper describes ejqx>rirents to determine tlie c\i:pusition ami cr^’stalloqraphlc structure of 
sulphides fomed in the process of sulphidation of several nickel-base alloys: Nbnonic 75, Nimonic 8üA, 
Nironic •k), Nironic H)5, IN-738 and 7131i-. Sarples were lieated in an evacuated quartz capsule containing 
either elemental sulpnur, or Ni,i>^. In the1 case of 713LC spec Irens were also studied after corrosion 
in a ¿jas turbine burning natural gas, after corrosion in a pilot plant, and corroded in a molten mixture 
of sulphates, 'll«.' sulphides were determined using a pcMder X-ray diffraction technique; metallography using 
tlie zinc selemde interference te<hni¿iue was also helpful in identifying particular products. The 
sul¡i.iA‘ phases, their colour with ZnSe, their stiape ami their location on the corrosion layers ore listed. 

of 
In sene cases a stratified sulphide scale was found (see Nimonic 90) with an outer layer oerposed 

iS * (Co,Ni) jS*» or scretimes Ni,S ♦ (Co,Ni) a ruddle lajter of Cr S. ami Cr-Al-S with 
enhanced nickel and cobalt; -¿mi .in aoiierent inner layer of Cr,S.. 'llii.s sort of arrangèrent was found with 
Nimonic 9u, Ninonic 105, IN-738, and 713117. In other cases evioenoc' of liquid sulphide phases 
was found (see IN-738). Table lO-XXtTI shews ¿quantitative electron-iirube microanalysis of sulphides in 
situ for Nimonic 8uA, Nimonic 105, and 713U,'. 

Hie author ¿cements tint tlie stratified scale-type is hardly encountered while tlie molten 
sulphide type .c n t infrexquent, and tin? crystallisimj of NiCr-S, in a natrix of Ni,S, has also been 
observed (E. ErdBs, P. Brezina and R. Scheidegger, Werkstoffe Q. Korrosion, 22 (1971)^148). 

Uitdi sulphidation over Niin vacuum the sure morptxilog^’ was generally obtained as in hot corrosion, 
figure 10.85 shews the internal sOlphidcs fom?d in 713IC after 168h at 600°C over MUS in vacuum, 
figure 10.86 snows the sulqiiides in a vane from a gas turbine burning natural gas withJ2 - 4» H,S with Ca 
¿ind Na impunities in Uie air, 1 year at 700 - 75CTC. figure 10.87 shows a specimen corroded f5r 
300h at 85o C in a pilot plant burning gas oil containing 0.4* S, 15 ppr. Na and 5 ppn V. Figure 10.88 shows 
a specimen corroded for 1121: at 800 C in a molten .sait mixture consisting of 53 mole t Na2S0., 40 mole * 
'igSOj anu 7 noie 6 CaSQ.. Hie forration of sulptiides was basically the same with all the environments. 

Elie freqaency f tile Cr-Al-S [base varies c*xisiderabiy. This ¡.hase was observed after sulphidation 
■wit:, elemental sulphur in all tlie alurdniur bearing alloys. After sulphidation over NUS, it was 
fo¿ind "markedly" in 713UJ at 800 C; traces were found in IN 738 at 850°C; at 900ÖC onlyJfaint traces -were 
visible in 7!3U . Hie ¡díase has buen observed sjioradically in actual hot corrosion of gas turbine 
71311.’ vanes, often in tlie neighbour!»ad of precipitates cf Ni_S, (see fig. 10.86). It was also formed 
in 713117 corroded at 800 C in the sulphate mixture. Ith- phaSe was extracted from 713117 sulphidised 
wer Ni,S-. for 96h at 8é*J C, and crystallograihic data for this phase is listed. 'Ibis phase 
was also oetected in actual hot oorrosion. 

,. final section of the pa; er describes the oxidation of 713117 after presulphidation« Figure 
10.89 shews the oxidation of 713117 in oxygen at 1 atm pressure at 900°C fur up to 24h as cast, and sulphidised 
by one of the following treatments: 0.23 mg/or. S, ICh at 960 C; 6.0 ng/oii S sulphidised over Ni2S5 in 
vacutr. for %h at 900 C; and 5.3 :ng/an S sulphidised over Ni,S- in vacuan for 96h at 800°C. Tlie first 
treatment produced little acceleration, but the latter two produced a large increase. Figure 10.90 
shews the same curves extended to 19oh. Table lOXXVIII lists tlie phases identified. Figure 10.91 shows 
oxidation at 800 C for tires up to 24h,for specimens presulpliidised over Ni ,S„ in vacuun for 96h at 800 
:vid 900 C to produce 6.2 and 6.8 rg/ar respectively. As at the higher oxidation temperature, the 
i3-/er temperature sulphidation produced the greater acceleration. Hie higher temperature sulphidation 
seemed to result in a short "incubation period" after which the rate accelerated. 

While tlie sulphide formation in hot corrosion could be reproduced by presulphidation and oxidation 
there was a difference in tlie oxide scale obtained. Hot corroded samples of 7131C contained a spinel phase 
with a - 8.19.n, whereas in sulphidised/oxidised samples the spinel had a = 8.31.A. However, pretreatment 
of 71311: with a 0.14 aqueous solution of Na-SO. or Na.OO, prior to oxidStion for 24h at 9(Xrc 
produced exactly the sane spinel as in tot corrosion or In fig tests. 

i-.L. Nonran and J.D. iiarston, in "bej»sition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.) (Applied Science Publishers, London, 1973) 260. 

See Nimonic 8UA for details. Hie Jpt corrosion beiiaviour of a number of nickel-base siperalloys 
was examined in a salt-spray test at 8CXJ C, using 75s Na-SO., 25t NaCl spray. 713C was mud: tlie worst 
of the alloys tested. ¿ q 

C.J. Spengler, S.Y. toe and W.E. Young, in "Deposition and Oorrosion in Gas Turbirvîs" A.B. Hart and 
A.J.B. Cutler (ods.) (Applied Science I*ublishers, London 1973) 294. 

See U5CO for details. Several experiments include results for 713C, mostly reported in earlier 
papers from Westinghouse group (see ato’A>). 

P.C. Felix, in "Deposition ¿to airrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) (Applied 
Science Publishers, London 1977) 331. 

Hiis jjaper describes tlie use of a simulator rig test to determine the corrosion resistance of 
several alloys. 
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'¡he rio burnt extra licjht fuel oil at itroe[jheric pressure in tlie terperature ran<)e 7(X> - lUXi C. 
The fuel contained 0.40* S; 15 iipti sadiin and 5pjri vanadiun were added. Oirrosion w.«s evaluated by 
retal logr api lie déterminât itn of the unaffected metal. Tfie standimi test was for 3CXii at 85o C. 
Figure 10.92 sIxms the oorrosion beiiaviour: in order of increasing corroe ion resisUinoe the alloys were 
7131C, il’D 16, Mar-;: 246, ¡¡ironic 105, Mar-M 421, IN-738, Mar-M 432, Nirwüc 8CA, IN 587 and IN 597, 
ami finally Nimonic 9(.). 'lhe oorrosiejn is tlien correlated witli dircmiun content (Figure 10.93), 
aluninium content (Figure lu.94), Al/Cr ratio (Figure 10.95), titaniuu content (Figure lu.%) hI/TI ratio 
(Figure 10.97) and Al/Ti Cr' (Figure 10.98). Generally 713U.' rerforms met. worse tlian wauld be expected 
in tetris of the other alloys. 

Table loXXIX slkMS tlie corrosion rates of six of tlie alloys (Mirunic OQh, Nironic 105, 
713ÜC, IN-738, Mar-M 421 and Mar-M 246) at 75u, 85u ¿ind 950°C. Tlie data are plotted as log corrosion 
rate versus the reciprocal of temperature in Figures 10.99 and 10.10U. Figure 10.101 shows the oorrosion 
rate as a function of chromium content at the throe temperatures, and Figure lu.102 shows the rate .Æ a 
function of Al/Ti Cr' for all three ten,juratures. 

Specimens of 713U.' from tlie test rig .wd from operating turbines were airpared using microprobe 
analysis and X-ray investigations. The turbine operated at 710 -740 C, 7 atm, natural gas 2.8* IMS for 
880Ui, the air containing desert dust with sodium salts. Figure 10.103 shows the test sample 1 
(dark means high conœnt rat ions) and Figure 10. lo4 slxjws ti» corroded vane material. There are seme 
similarities," but soi® noticeable differenoes. 

K.H. ^’an, Tbdinical Ueport to Air Force Materials Laboratory, hfight Patterson /dr Force base, 
AFML-'nWl-l?! (Detroit Diesel Allison, Division of General Motors) Vols. 1 and 2 (Jan. 1972). 

This report is concomod with tlie evaluation of coated alloys - 713, IN 100, IN 738, U 700, U 710, 
Mar-M 246, AF2N, VIA, X-40, lil 52. 'Hiere are no data for the uncoated alloy's. 

'..’.L. ..heatfall in "High Temperature Corrosion of Aerospace Alloys". J. Stringer, K.I. Jaffee and 
T.F. Keams (eds.) AGARD Conference Proceedings No. 120, (April 1972) 235. 

Table lOXXX shows the results of hot-oorrosion burner rig tests on ccmeicial nickel and cobalt 
superalloys, taken fren P.A. Bergman et al. "Development of Hot-Corrosion Resistant Alloys for Marine 
Gas Turbine Service" MEL-Spcnsored Report 2437, Final Report under Contract N6O0 (61533) 65661 with 
the General Electric Co. Oct. 1967. The alloys were SEL, 713C, SEL 15, IN 100, Mar-M 200, U 500, U 700, 
Rene 41, Hastelloy X, X-40, Mar-M 302, Mir-M 509, 01-52 and L-605. The tests -were presumably in the GE 
small burner rig, and used 5 pyn sea salt in the air with 9-18 thermal cycles. Figures 10105 
and 10106 present the same data as bar graphs: the second shows the corrosion of the nickel-base 
alleys as a function of chromium content. 

H. Huff and F. Schreiber, Werkstoffe and Korrosion 5 (1972) 370. 

This paper describes tlie hot oorrosion of 713C (ca 1 led 713V), Mar-M 246, and Nimonic 90 in a simulator 
rig. Thi combustion gas contained 6» Cbb and 11* 0-, and the gas velocity at the specimens was 250 m/s. 
Between J and 30 ppm synthetic sea salt were uided to the hot gases. The specimens could be stressed at 
the same time, and stresses between 80 and 350 N/mtrr. 

Figure 10.107 shows the^ in fluence of corrosion on the time to npture at stresses in the range 
10 - 25 kp/mr. of 7IX- at 900JC. Combustion gases reduce the strength oerpared to air, but a larger 
reduction, particularly at the lower stress levels, is produced by the addition of sea salt to the 
atmosphere. Figure 10.108 shews tlie inf luenoe.of salt concentration, in the range 0.085 - 36 ppm, 
on the time to failure at a stress of 140 N/mri . Figure 10-109 shews the variation in the time to nature 
at a stress of 140 N/rri in air, ambustión gases, and combustion gases with 31 ppm salt. Figure 10-110 
shews the creep strain versus time of 713C at a stress of 140 N/mnf at 900°C in air, and in oembustion 
gases with 0.085, C.85 and 31 ppm. 

The corrosion was estimated in tcm-K of the general loss of metal and the maximum local penetration, 
expressed as a rate by dividing by the ex¡J0sure time. Figure 10-111 shows the oorrosion of 713C as a 
function of the applied stress: as one might expect, at high stresses, the local oorrosion rate 
increases markedly. 

The lOüh rupture strength at 900°C was 270 N/nm2 in air, 210 N/mm2 in oembustion gases without salt, 
and 140 N/mrr with 30 ppm sea salt. 

S.Y. bee, W.E. Young and C.E. Hussey, J. Eng. for Power (Trans. ASME) 1972, 149. 

This paper describes the use of the Westinghouse facility. All the figures have appeared in papers 
sunurised above. 



L.M. Maas «d C.L. Miller, AS» Paper 72-CT-77, presented at the Om Turbine and Fluid Qigineering 
Conference and Products Show, Marti) 1972. 

The paper describes a 3000h durability test of a modified Allison Model 501-K 15 engine 
operating on Navy distillate fuel, with salt water ingestion. Preliminary selection involved an 
accelerated test with a non-air cooled 501-K14 engine with 0.75 ppm salt in the air. During the first 
2000h of the test the fuel was No. 2 diesel fuel with 0.45« S. During this period the engine was not 
air cooled, and the first stage vanes were X-40, the first stage blades Alpak coated 713, and the 
raninal turbine inlet tenperature was 166U F (905 C). Sulphidation was evident on tan blades following 
1000h operation. Testing of the air-cooled 'jOl-KIS engine was then initiated using No. 2 diesél fuel. 
The air cooled first stage blades were Alpak coated 713, IN 738, U 710 and Mar M 248. After 1012 h 
testing the Alpak/IN' 738 were in excellent shape with no evidence of corrosion. The Alpak/Mar-M 246 
were in good condition except for isolated areas where the coating was boo thin. The Alpak/U 710 
blades exhibited sore regions of surface oorzosicn. The Alpak/713 blades were in the least 
desirable condition, with hot corrosion evident alcng the leading and trailing edges. Alpak coated first 
stage vanes of 713, IN 738 and U 710 were tested during the sane I0l2h. Again, IN 736 was superior 
to the others) the Alpak/713 segnents suffered serete blistering. 

At the start of the évaluâtion using Navy distillate fuel, first stage blades of Alpak/IN 738 and 
first stage vanes of Alpak A-40 were incorporated. After lOOGh testing, both were in good condition, 
although Alpak/713 second stage vanes were sere rely corroded. Hot corrosion had proceeded to the point 
that the leading edges had split. It is likely, according to the authors, that the coating was degraded 
by oaibustor carbon erosion and oorrosion. In the next stage of the test these vanes were replaced by 
Alpak/X-4G segments, which were in good condition elfter a further 568h testing. 

The test schedule consisted of 21h cycles with a 3h shutdown period. During each do«) period, three 
starts were acooiplished, the third being the start of the next 21h operating cycle. The test cycle is 
presented in Tetole 10-XXXI. Table lOXXXII shows the salt oonœntration and droplet sire. 

Prior to cleaning, all four stages of turbine blades had heavy deposits on tie airfoils. A 
spectrographic qualitative analysis was conducted on deposit sarpies. A major portion consisted of 
sulphates of the alloying metals from each blades oonpcnent (Ni, ta, Or, Co, ta and W). 

1.1. Hessen and R.E. Fryxell, General Electric Technical Information Report R72ABG317, (Nov. 1972)» 
paper presented at the Gas Turbine Materials Conference, Naval Ship Engineering Center, Oct. 1972. 

See ftone 80 for details. 

V.S. Moore and A.R. Stetson, Final Report to Naval Air Propulsion Ttest Canter on Contract N00156-71-C-1020, 
July 1973. 

The report is principally concerned with the developnent and application of aluninide coatings to 
nickel-base superalloys, but a limited aroint of Information on unooated specimens is quoted. The 
alloys studied were B1900, IN 100, 713C, IN 738, Mar M 200, Mar M 246 or TW VI A. 

Oxidation is slowly moving air of vnooated 713C at 2aoo°F (1093°C) produced the following 
weight changes t 

exp. time (h) 40 105 176 248 265 320 391 444 507 
wt.gain (mg) H.7 -23.9 -38.0 -50.2 -52.6 -60.0 -66.9 -73.9 -89.9 

At the and of the test, the alloy had a depleted layer sane 80 urn thick. 

Hot oorrosion tests were performed in the Solar environmental simulator burning JP5 fuel with 
35 ppm synthetic sea salt in the air. Specimens were bested at 1650 and 1800T- (899 and 9820 in a 
holder rotated at 1725 ppm. The mlniirun gas velocity was Mach 0.85. One-hour thermal cycles were 
used until specimen failure. The specimens were removed at the ocxipletign of ead) 30 to 40h exposure 
for visual examination, cleaning and weiÿiing. At the end of 4Gh at 899°C oorrosion was just starting on 
713C, and the weight loss was 8 mg, whereas B 1900 was severely hot corroded, with a weight loss of 
330 mg. Both alloys showed severe hot oorrosion after 20h at 982°C. 713C losing 212 mg and B 1900 
388 mg. 

C.C. Clark and W.R. Hulsizer, Gas Turbine Materials Conference Proceedings Naval Air Systeme Comnand, 
Washington (1972) 35. 

Cyclic (24 or lOQh) tests were conducted at 1100°C in a slowly moving atmosphere containing 0.1, 5 
and 10« water vapour for 400 to lOOOh. oxidation was measured by weight loes, both undescaled after each 
cycle and descaled at the end of each test. The results are presented in Figures 10-112 - 10-122 
for a range of alloys, including 713C > there is a significant increase in the weight loss with water 
vapour, but the effect is even more noticeable with acme other alloys. The authors suggest that 
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(possibly) tiie higher the refractory i»tal content, the greater the effect of water vapour. 

A.R. Stetson and V.S. ftoore. Gas Tlirbine Materials Conference Proceedings Naval Air Systons Camand, 
Washington (1972) 43. 

A meter of alloys (including 713C) were tested in the Solar gas turbine environmental simulator 
with JP-5 fuel (0.04 - 0.12*) and 35 ppn synthetic sea salt injected into the ocrtestion gases. 
Nickel-base alloys were tested at 1650 and IttXTF (899 and 983°C) ; cobalt alloys were tested at 1800 
and 2O00 F (983 and 1093 C). Cte hour thermal cycles were used for a total of 150h maxisun. Sanples 
vere removed periodically for visual examination, cleaning and weighing. 

Figure 10-122 shews the test results for unooated nickel-base alloys. Here, 0=1900, C-713C, 
I*XN100, M-Mar-M246, R-Rene 41, S-SEL 15, U-O-700, (MJ-710, W-WI-52 and X-X-40. 

Neither the equivalent chrcmiun parameter used (Cr + A1 - S Mo) nor the Lewis and smith nor 
the ftentz equivalents gave very good correlations at 1800°F. 

Both unseated cobalt-base alloys suffered extremely rapid attack at both test tenperature; 
X-40 was ncre resistant than WI-52. At the ocnparable tenperature of 1800°F (983°C) the cobalt-base 
alloys vere marked by inferior to Rene 41, U 700 and U 710. Bigure 10-124 surrmarises the data for all 
the alloys. 

Rolls-Royce (1971) Ltd., 

Figures 10.125 and 10.126 show hot corrosicr data for 713C, Nimonic 105 and Nimonic 115 at 870°C 
and 1050 C respectively, in a small burner rig test with 4 ppm sea salt in the air. 

Data relating to this alley can also be fowd in the following Figures t 
1.1, 1.7, 1.8, 14.3, 36.1, 36.2, 36.3, 36.4, 36.5, 36.6, 36.7, 41.1, 41.2, 41.6, 41.7, 45.33, 45.37, 52.15? 

and Tables : 
1.1, i.n, i.xv, i.v, i.vi, i.vn, i.vm, i.ix, i.x, 31.1. 
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>CTAL mss DftTA (MQ/O}^) FDR TCST SPBCPtMS (QUIQG AND SCHIlfCR) 
(S hours Teat Duration) 

-&» ¿alt" 'Sulfur ' 
Toiperature, in Air, In Fuel 

C ™_«Li- 
Super alloy Weight urns, m/m2 

SUSJSl_22_ ML 
760 0 0.0002 Inoo 71X 

Inco 71X ♦ tCC-i 
IN-100 
SM-200 
U-500 
WI-52 

0.2 
0.4 
0.2 
0.6 
0.3 
0.8 

0.3 
1.9 
0.3 
0.5 
0.8 
1.1 

0.1 
1.4 
0.7 
0.6 
1.8 
3.2 

760 0 0.40 Inoo 71X 
Inoo 71X ♦ MJC-l 
IN-100 
»1-200 
U-500 
WI-52 

1.4 7.3 2.2 
1.6 5.4 3.2 
4.5 5.8 6.0 
3.7 5.3 3.3 
3.9 8.6 3.2 
5.4 12.3 7.3 

760 10.0 0.0002 Inoo 71X 
Inoo 71X ♦ MX>1 
IN-100 
SM-200 
U-500 
WI-52 

3.1 2.6 2.2 
3.1 3.6 4.7 

12.8 4.0 8.0 
2.6 2.6 4.4 

24.1 6.8 16.4 
13.3 7.1 53.8 

760 10.0 0.40 Inoo 71X 
Inoo 71X + fCC-l 
IN-100 
SM-200 
U-500 
WI-52 

86.0 
1.8 

54.7 
11.6 
19.5 
5.4 

44.7 
5.0 

40.6 
5.0 

26.9 
13.4 

78.5 
2.2 

55.0 
4.6 

60.0 
8.0 

872 0 0.0002 Inoo 71X 
Inoo 71X ♦ fCC-l 
IN-100 
SM-200 
U-500 
WI-52 

0.5 1.6 1.7 
1.4 1.6 0.6 
0.4 0.6 6.7 
1.2 2.7 6.1 
0.7 1.8 2.8 
1.1 2.5 18.8 

872 0 0.40 Inoo 71X 
Inoo 71X + fCC-l 
IN-100 
SM-200 
U-500 
WI-52 

0.5 
0.9 
1.3 
1.6 
1.1 
2.2 

0.3 
1.3 
0.3 
0.4 
1.0 
1.0 

0.6 
1.6 
0.8 
0.8 
0.6 
1.1 

872 10.0 0.0002 Inoo 71X 
Inoo 71X + MJC-l 
IN-100 
SM-200 
U-500 
WI-52 

5.8 
0.4 

35.6 
22.8 
38.1 
3.6 

2.8 
1.8 
4.7 

10.4 
7.3 
9.8 

3.1 
5.0 

36.9 
13.4 
13.3 
24.6 

872 10.0 0.40 Inoo 71X 
Inco 71X + MJC-l 
IN-100 
SM-200 
U-500 
WI-52 

11.2 
1.2 

17.8 
78.0 
3.6 
2.6 

6.3 
7.9 

16.6 
3.4 
2.5 

10.6 

11.4 
6.9 
7.6 
5.1 
4.8 

11.1 

982 0 0.0002 Inoo 71X 
Inoo 71X ♦ MJC-l 
IN-100 
SM-200 
U-500 
WI-52 

1.1 1.0 5.7 
1.5 2.2 1.8 
1.3 1.0 16.8 
2.5 4.0 117.5 
2.4 0.9 4.7 
3.4 2.1 131.9 

(a) Geometric neon weight loss of three values. 

; 



185 

982 0.40 

982 10.0 0.0002 

982 10.0 0.40 

1093 0.0002 

1093 0.40 

1093 10.0 0.0002 

1093 10.0 0.40 

Inoo 713C 
Inco 713C ♦ MX'-l 
IN-100 
Sft*200 
U-500 
WI-52 

Inoo 713C 
Inoo 713C + NDC-l 
IN-100 
SM-200 
U-500 
WI-52 

Inoo 7IX 
Inoo 71X + MX>1 
IN-100 
SM-200 
U-500 
WI-52 

Inco 71X 
Inco 71X + MC-l 
IN-100 
SM-200 
U-500 
WI-52 

Inoo 71X 
Inco 71X + MC-l 
IN-100 
SM-200 
U-500 
WI-52 

Inco 71X 
Inco 71X + fCC-l 
IN-100 
SM-200 
U-500 
WI-52 

Inoo 71X 
Inoo 71X + MC-l 
IN-100 
SM-200 
U-500 
WI-52 

1.1 
1.0 
1.8 
2.8 
2.4 
3.4 

55.8 
1.2 

110.9 
141.5 
7.0 

20.1 

37.0 
2.5 

21.1 
24.1 
4.2 
11.9 

1.6 
2.5 
2.8 

10.1 
4.3 
8.5 

2.2 
1.7 
6.2 
15.3 
4.5 
17.5 

31.0 
1.7 

102.5 
235.4 
72.1 
80.4 

76.6 
1.7 

66.0 
19.0 
8.6 

28.9 

16.0 
I. 4 

36.8 
39.5 
4.6 

12.6 

10.1 
0.9 

84.6 
99.9 
56.0 
20.4 

6.3 
1.6 

33.0 
34.8 
20.2 
26.5 

4.8 
0.5 

21.8 
83.3 
16.2 
42.1 

18.9 
0.1 

64.0 
44.8 
17.0 
27.7 

39.0 
2.0 

92.7 
146.3 
82.4 
54.8 

258.1 
1.1 

88.9 
20.4 
II. 6 
27.3 

(a) Geometric mean weight loss of three values. 

19.3 
1.0 

40.7 
104.4 
11.1 

214.2 

6.6 
3.2 

50.3 
82.1 
17.3 
90.2 

5.4 
1.5 

88.8 
2.4 
13.8 
30.3 

25.0 
1.8 

20.4 
89.9 
7.1 

211.7 

93.5 
4.1 

157.3 
476.6 
35.5 

266.6 

43.0 
1.8 

98.8 
487.4 
55.8 

213.2 

7.6 
2.3 

68.8 
79.1 
8.9 

92.8 



tabu; lo-ii 

PARTIAL ANALYSIS By X-RAY DIFFRACTION OF DEPOBIIS FHHM 

fflST SPKaMIHS EXPOSED TO m IN FUEL (QUIQG AND SCHIRHER^ 

¿ea salt 
Tatp., in Air, 

-£-BP . 

760 0.0 
0.0 

10.0 
10.0 
10.0 

872 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

0.0 
0.0 
10.0 
10.0 

10.0 

10.0 

10.0 

sulfur 
in Fuel, 
Wt. % Sucerailov 

0.40 Inoo 713C 
0.40 wi-52 
0.0002 Inoo 713C 
0.40 Inoo 7I3C 
0.40 wi-52 
0.0002 Inoo 7130 
0.0002 IN-100 
0.0002 SM-200 
0.0002 U-500 
0.0002 WI-52 
0.40 inco 713C 
0.40 inco 71 X> 

MJC-l 
0.40 IN-100 
0.40 SM-200 
0.40 U-500 
0.40 WI-52 
0.0002 Inco 713C 
0.0002 WI-52 
0.40 Inco 713C 
0.40 inoo 713C+ 

■MX’-l 
0.40 WI-52 

Weight 
Loss,- 
mg/an 

2.2 
7.3 
2.2 

78.5 
8.0 
1.7 
6.7 
6.1 
2.8 
18.8 
0.6 
1.6 

0.8 
0.8 
0.6 
1.1 
3.1 

24.6 
11.4 
6.9 

11.1 

Relative Intensities 

iáâ£i_NarSO) PbO.Pfaso| Phsr,4 

W s 
W s 

S M 

S 7VW 
S M 

vw 
M 
VW 
M 
VW 
S s 
S s 

S s 
S S 
s s 
S S 

M M 
M 
S 
s 

s 

Relative Intensities S = Strong; 
? = 

760 

872 

962 

1093 

M= Median; W = Weak; VW = Very Weak; 
f Identified. 

TABLE lo-iii 

PARTIAL ANALYSIS BV X-RAÿ FIDORESŒMCE OF DEPOSITS FHCM 

Iggl' SPECIMFNS EXPOSH1 TO CI-2 IN FUEL IQUIOG AND SCHIRMER) 

Sea Salt 
in Air, 

_Eg1, . 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

10.0 
10.0 

10.0 
10.0 

“Suliur 
in FUel, 
Wt. % 

Weight 
Loss 

0.0002 

0.0002 

0.0002 
0.0002 

0.0002 
0.0002 
0.40 

0.0002 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 

0.0002 
0.40 

0.0002 
0.40 

Superallov wa/on' 
2 Wt- * in Deposits (a¡ 

Cr 

Inoo 713C 
Inoo 713C-WC-1 
IN-100 
SM-200 
U-500 
WI-52 
Inco 713C 

Inco 713C 
Inoo 713C 
Inco 713C+MDC-1 
IN-100 
SM-200 
U-500 
WI-52 

Inco 713C 
Inoo 713C 

Inco 713C 
Inco 713C 

2.6 
3.6 
4.0 
2.6 
6.8 
7.1 

44.7 

2.8 
6.3 
7.9 

16.6 
3.4 
2.5 

10.6 

10.1 
6.3 

39.0 
258.1 

12.0 
13.0 
16.0 
14.0 
18.0 
18.0 
10.0 

35.0 
19.0 
20.0 
20.0 
19.0 
20.0 
23.0 

51.0 
51.0 

50.0 
12.0 

(a) + 20% of amount present. 

0.6 
0.5 
0.5 

< 0.4 
0.7 
0.8 
2.4 

1.4 
< 0.4 
<0.4 
<0.4 
<0.4 
<0.4 
0.8 

1.0 
0.5 

1.6 
5.2 

< 0.4 
* 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
10.0 

<0.4 
<0.2 
0.3 
0.4 

<0.2 
<0.2 
<0.2 

1.1 
1.0 

8.7 
25.0 

¿o 

< 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
1.5 

<0.06 

<0.06 
<0.2 
<0.2 
<0.2 
<0.2 
<0.2 

2.0 

< 0.06 
<0.06 

< 0.1 
0.2 

MMiiaiiMei aWMfeÉttHÉ 
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TABLE 10-XV 

PARTIAL ANALYSIS BY X-RAY mJOHESCENCE OF DEPOSITS FRCM 

TEST SPEC MENS EXPOSED TO ‘KL IN HJEL (OUIOG AND SCHIWCR) 

"T Sea Sait Sulfur Weight 
T’* in Air, in Fuel, Loes, wt. » in Deposits (a)_ 
_C_EUE_Wt. i Superalloy mg/cn Pfa Br Cr_Ni_£o 

760 0.0 
760 10.0 
872 10.0 

0.40 Inoo 713C 
0.40 Inoo 713C 
0.40 Inco IIX 

2.2 57.0 <0.2 
78.5 4.7 0.6 
11.4 2.9 <0.2 

<0.3 <0.4 <0.06 
2.9 10.0 <0.6 
1.0 3.2 <0.06 

(a) ♦ 20» of mount present. 

tamj: io-v 

StfMAW OF SPBCBEN WEiafT LOSS DATA, 1093°C (QUIQG AND SCHIRCR) 

áalt inÄir 
_EES_ 

Exposure Tota; 
%s_ 070^ 

>t Loss, mg/an 

Qt<OiS. 

0 5 3.78 
10 8.88 
15 15.30 
20 18.35 
25 23.08 
25 
30 42.24 
35 46.90 
40 91.13 
45 43.35 
50 74.81 
55 62.63 

5.07 
10.05 
17.91 
25.38 
42.58 
24.81 
30.35 
21.12 
35.64 
68.16 
67.61 

5.65 
13.76 
15.52 
24.71 
30.92 

46.82 
31.55 
68.92 
48.35 
80.93 
81.67 

1.0 5 8.67 
5 
5 
5 

10 21.63 
10 
15 57.03 
15 67.66 
20 71.97 
20 72.40 
25 100.93 
25 114.50 
30 93.40 
35 130.37 
40 127.11 

15.41 
15.64 

47.52 
19.72 
85.91 
70.72 
95.84 

115.74 
242.25 
220.54 
203.15 

27.67 
28.63 
41.85 
66.14 
73.10 

132.31 
146.88 
134.69 
182.85 
199.50 
366.48 
299.46 



TABLE 10-vi 

WEiarr loss data tor test spkcbcns uncer various test conditions 

(SanroER AND ÜUIQG) 

Tgr^. Fuel 

Sulphur 
% 

760 

872 

0.0002 

0.040 

0.40 

0.0002 

0.040 

0.40 

760 

872 

0.0002 

0.040 

0.40 

0.0002 

0.040 

0.40 

760 0.0002 

0.040 

0.40 

872 0.0002 

0.040 

0.40 

Salt in 

Air 

_Effi_ 

Time 
h Stage 1 

Weight Loss ma/on' 
Stage 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0 
1.0 

10.0 
0 

1.0 
10.0 

0.1 
0.3 
1.7 
0.1 
0.2 
5.3 
1.9 
5.6 

100.4 
0.4 
0.9 
3.4 
0.2 
0.2 

18.0 
1.4 
1.6 

50.7 

0.1 
3.0 
4.1 
0.9 
0.3 

25.7 
1.7 
9.8 

49.9 
0.8 
0.7 

26.8 
0.5 
0.3 

41.8 
0.3 
3.8 

12.9 

0.4 
2.9 
2.2 
1.1 
0.2 
1.9 
1.4 
4.8 

14.4 
1.2 
0.7 

18.8 
0.8 
2.3 

37.5 
0.7 
1.8 

70.0 

0.5 
0.5 
4.2 
0.2 
0.4 
4.6 
2.6 
0.9 

58.8 
0.3 
0.4 

10.9 
0.4 
0.1 
4.8 
0.3 
1.3 

46.7 

0.2 
1.0 

18.0 
0.5 
0.3 

102.9 
6.6 

13.0 
63.6 
0.4 
4.0 

40.8 
0.3 
0.3 

83.2 
6.5 
7.5 
8.5 

0.2 
0.8 
2.5 
0.4 
0.3 
2.8 
5.8 
5.9 

15.9 
1.6 
3.0 

17.2 
0.2 
2.3 

49.3 
3.3 
3.4 

103.4 

Stage 3 

0.1 
0.7 
4.2 
0.5 
0.2 

13.8 
0.6 
1.3 

107.8 
0.8 
0.8 
5.2 
0.4 
0.2 
8.6 
0.3 
1.2 
0.6 

0.8 
4.5 

27.2 
0.2 
1.2 

116.9 
8.0 
3.0 

51.5 
0.2 
1.7 

41.3 
0.4 
0.3 

79.5 
1.2 
4.5 

51.1 

2.5 
1.0 
3.2 
0.6 
0.8 
3.2 
6.2 
3.8 
6.8 
0.9 
1.9 

36.5 
1.3 
0.8 

31.5 
1.7 
2.5 

65.5 

713C 

IN 100 

SM-200 

J 
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760 0.0002 0 
1.0 

10.0 
0.040 0 

1.0 
10.0 

0.40 0 
1.0 

10.0 
872 0.0002 0 

1.0 
10.0 

0.040 0 
1.0 

10.0 
0.40 0 

1.0 
10.0 

S 0.9 0.1 
1.3 5.8 

21.0 34.5 
0.4 1.4 
0.6 0.6 
8.3 32.8 
6.8 1.3 

18.6 5.0 
5.6 40.7 
0.4 1.0 
1.7 1.5 

35.1 52.0 
0.7 0.9 
0.8 0.8 

64.6 41.8 
1.2 0.7 
1.9 1.0 
5.0 3.1 

0.2 
1.4 

19.4 
0.5 
0.6 

27.2 
6.8 
6.7 

32.5 
1.1 
1.8 

30.0 
0.4 
0.5 

94.1 
1.7 
0.5 
3.0 

760 0.0002 0 
1.0 

10.0 
0.040 0 

1.0 
10.0 

0.40 0 
1.0 

10.0 
872 0.0002 0 

1.0 
10.0 

0.040 0 
1.0 

10.0 
0.40 0 

1.0 
10.0 

5 1.4 0.4 
1.3 7.1 

11.9 15.8 
0.5 2.0 
0.8 0.6 
6.5 11.4 

10.1 2.2 
10.2 5.4 
3.9 7.6 
0.8 1.7 
2.6 2.6 
2.4 6.0 
1.5 1.2 
0.6 0.7 
1.7 3.8 
1.7 1.4 

12.0 9.2 
2.2 3.2 

0.8 
1.5 

12.5 
2.2 
1.1 
8.9 
7.2 
2.9 
5.3 
1.1 
2.4 
3.2 
1.5 
0.7 
5.0 
4.8 
6.9 
2.5 

tahu: lo-vii 

MEASUIED SULFIDE PDŒTRATION AND PENETRATION FHCM VCICHT LOSS CF 

TEST SPBCMMS (SCHIHCR AND QUIQG) 

2000 

2000 

2000 

2000 

2000 

2000 

1800 

1800 

1800 

2200 

2200 

2200 

Pwl 
Salfur, 
Ml.T 

Sm SUt 
1* Air, 

Pmctntleo, SalfU* 
frea M»l*t PMMtm- 

Lom, Mm, 
smwuiw_ iUi/j 8r._. rtli/a tel. 

0.040 10.0 

0.040 10.0 

7130 

Int« 7130 ♦ mc-l 

0.9 9.8 

0.1 

0.040 lo.o n-ioo 6.3 19.9 

0.040 10.0 SK-200 

0.040 10.0 OdlMt 900 

0.040 10.0 WI-J2 

0.0002 o n-ioo 

0.0002 10.0 DU100 

0.40 10.0 n-ioo 

0.0002 0 01-100 

0.0032 10.0 ia-100 

0.40 10.0 DI-100 

3.8 26.4 

0.6 10.6 

3.0 19.0 

0.1 9.1 

6.2 13.9 

1.3 7.0 

0.9 ?•> 

6.9 13.7 

8.7 29.4 

U 500 

WI 52 
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TABLE 10-Vin 

BUH&R RIG TEST RESULTS AT 1750°F (DüERING AND BERCMAN) 

200 PPfVlOO Hours 

Alloy Attack mils 
T 

5 PPM/lorxi Hours 

Alloy Attack mils 

5384 (U50U) 

5382D (X-40) 

PA1 (SEL) 

5759D (L605) 

PA3 (SM 200) 

5391A (713C) 

5397 (IN 100) 

PA2 (SEL15) 

1.1/7.0 

0.6/9.2 

15.9/26.4 

10.7/27.8 

14.4/44.5 

56.6/65.8 

1303 

130 

53620 

5759D 

5384 

PA1 

5391A 

5397 

PA3 

PA2 

1.0/11.6 

5.5/15.3 

8.8/31.7 

31.5/51.8 

59.0/77.1 

1303 

1303 

130 

2 

Results yiven as surfaœ loss/maximum penetration expressed as losses in diameter. 
2 

At times, specimens of this alloy have been destroyed. 

3 Specimens destroyed. 

TABLE 10-IX 

TEST SPECIMEN WEIQIT LOSS DATA AT 1093aC 

(QUIGG AND SCHIRMER. 1968) 

_i.l DPB 3— ¿4lt in Air 

,., ¿'Ùl'U ifl rMi,t »1^ ,. __ 
iAJtU-- 

ToUl 
Tis., 
hour« 

5 3.78 
5 

10 8.88 
10 
15 15.30 
15 
20 18.35 
20 
25 23-08 
25 
30 42.29 
35 46.90 
40 91.13 
45 43.35 
50 74.81 
55 62.63 

¡¡¡¡ZjO 
L.M, 

5.07 5.65 

10.05 13.76 

17.91 15.52 

25.38 24.71 

42.58 30.92 
24.81 
30.35 46.82 
21.12 31.55 
35.64 68.92 
68.16 48.35 
67.61 80.93 

81.67 

< I .0041 

Hun 1 hun 1 

Iricon«. 7.3C 

8 67 

21.63 

57.03 
67.66 
71.97 
72.40 

100.93 
114.50 
93.40 

130.37 - 
127.11 

Kun 1 Hun 2 

15.41 
15.64 
47.52 
19.72 
85.91 
70.72 
95.84 

115.74 
242.25 
220.54 
203.15 

Run 1 Run 2 

27.67 41.85 
28.63 66.14 
73.10 

132.31 
146.88 
134.69 
182.85 
199.50 
366.48 
299.46 

íclUL 
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tabu: lo-x 

WEiafT LOSS DATA DEPOSIT WEIQfT DATA FOR INCONEL 713C AT 1093°C 
(QUIQG AND SCHIPMCR) 

Sea Salt Exposure 
In Air, Tine, 
ppm hours 

Total Specimen Deposit Weight (al 
Weight Loss 2 mj/an 

mg/an 
O.Ol7ppn 0.063 ppm 0.017 ppm 0.063 ppm 

y~lT àiLjbJ-V in (c)_V ir air W_V in air (cl 

0 5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 

6.69 
16.79 
27.16 
32.23 
23.62 
33.70 
23.09 
36.57 
129.52 
58.63 
94.26 

31.18 
68.17 
81.02 

109.07 
192.82 
94.12 
110.81 
161.56 
199.29 
213.25 
249.90 

7.34 
9.69 
11.62 
8.55 

11.32 
9.45 
8.02 
7.52 
8.28 
9.12 
9.16 

6.44 
7.17 
8.26 
5.61 
7.15 
6.93 
7.53 
6.32 
7.28 
6.47 
7.38 

5 
10 
10 
15 
15 
20 
20 
20 

34.73 
111.78 
219.34 
182.87 
327.90 
354.37 
384.03 
515.16 
439.06 

14.09 
14.65 
27.27 
21.83 
24.94 
20.75 
19.55 
25.97 
24.94 

(a) Obtained by differenoe between weight of specimen after 
test and weight of specimen after cleaning. 

(b) Equivalent to 1.0 ppm vanadiim in fuel at 1093 C conditions. 

(c) Equivalent to 3.8 ppm vanadiim in fuel at 1093 C conditions. 

TABLE 10-X1 

CEPOS IT AND WEIGHT LOSS DATA TOR ASIM SPECIMENS (QUIGG AND SCHIRMER) 

Exposure Total Specimen 
Time, Deposits_Weight Loss_ 
Hours mg/cnr mg/cm 

IN-100 

11 11.13 125.92 
22 17.18 229.72 
33 19.17 308.96 
44 6.42 371.58 

Inconel 713C 

11 8.40 63.98 
11 10.59 52.47 
22 12.83 117.57 
22 9.81 45.94 
33 12.50 163.97 
33 20.85 59.42 
44 15.48 20CX07 
44 20.58 177.98 

Udimet 700 

22 17.68 70.58 
44 9.38 164.05 
66 29.88 316.76 
88 15.70 327.28 

Mar M 421 

22 14.68 S69.20 
44 17.34 126.15 
66 28.72 236.88 
88 26.57 288.39 



IN-738 

I‘>2 

22 
44 
66 
88 

44 
44 
77 
77 

110 
110 
143 
143 

10.36 
19.06 
22.41 
25.46 

UdUnet 500 

5.93 
8.43 
9.74 

30.37 
26.89 
17.15 
37.30 
18.21 

42.94 
97.16 

151.58 
190.58 

56.13 
20.39 

137.88 
118.31 
226.97 
226.84 
430.38 
411.68 

TABLE lO-XII 

DEPOSIT AND WEICHT LOSS DATA FOR INCONEL 713C SPHOMNS (QUICK AND SCHIfrtR) 

Exposure 
Tine 
Hours 

Deposits 
ng/ori 

Total Specimen 

Weight Loss 
■3/arr 

Exposure 
Time, 
Hours 

Deposits 
2 

mu/ati 

Total Specimen 
Weight Loss 

_ma/cm2 

Block 1 
11 11.69 33.46 
11 14.48 28.99 
22 12.25 85.42 
22 12.56 29.01 
33 13.21 145.01 
33 20.02 63.97 
44 9.61 170.87 
44 19.69 136.35 

Block 2 

11 11.52 14.26 
11 15.85 26.18 
22 10.10 53.84 
22 16.38 81.26 
33 11.57 79.88 
33 22.14 100.56 
44 16.70 143.61 
44 21.66 94.36 

Block 3 

11 11.83 23.19 
11 15.08 27.14 
22 12.63 76.10 
22 12.82 31.70 
33 15.28 139.77 
33 17.24 59.68 
44 8.30 145.77 
44 16.09 146.81 

Block 4 

11 12.31 17.28 
11 18.36 25.90 
22 10.76 43.84 
22 13.61 84.56 
33 10.32 57.14 
33 17.67 101.57 
44 16.29 122.18 
44 21.52 86.81 

Block 5 

11 9.97 8.31 
11 14.37 19.77 
22 17.40 36.91 
22 16.28 72.03 
33 8.94 78.51 
33 15.95 98.19 
44 16.26 119.40 
44 22.58 104.30 

44 13.97 120.88 
33 9.25 103.76 
22 5.59 5.21 
11 13.05 23.32 
44 21.83 111.66 
33 14.66 95.00 
22 15.10 89.20 
11 17.64 28.40 

Block 6 

11 11.79 39.42 
11 9.20 39.16 
22 14.48 99.96 
22 10.10 114.88 
33 13.27 149.95 
33 12.29 190.13 
44 10.88 197.41 
44 12.02 228.29 

Block 7 

11 13.31 38.00 
11 8.58 32.77 
22 14.20 115.19 
22 12.04 107.03 
33 16.67 162.13 
33 10.32 182.68 
44 12.81 238.89 
44 9.59 207.94 

Block 6 

11 14.77 27.20 
11 8.38 36.47 
22 12.32 104.87 
22 8.44 110.81 
33 10.88 178.79 
33 10.44 163.64 
44 10.75 234.00 
44 9.19 219.78 

44 17.81 109.53 
33 12.10 85.73 
22 8.84 8.13 
11 4.60 18.49 

44 22.18 82.42 
33 20.28 65.96 
22 21.82 57.39 
11 12.89 20.54 
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Block 8 (oontd.) 

44 15.66 8C.00 
33 9.96 101.24 
22 7.65 7.05 
11 12.00 37.07 

44 21.10 64.69 
33 21.10 60.50 
22 16.91 73.10 
11 17.64 20.05 

Block 9 

11 12.73 27.74 
11 9.57 19.03 
22 15.73 90.11 
22 9.21 03.69 
33 12.99 117.61 
33 13.14 150.32 
44 11.64 106.46 
44 10.48 163.11 

44 17.09 205.17 
33 12.15 144.92 
22 12.04 71.70 
11 10.15 15.60 

44 21.29 107.36 
33 13.41 119.05 
22 15.60 63.02 
11 13.67 24.00 

44 19.47 196.73 
33 11.40 125.74 
22 14.65 69.51 
11 7.99 20.20 

44 14.06 109.41 
33 11.65 140.34 
22 14.00 67.94 
11 10.60 13.90 

44 13.35 95.70 
33 19.33 60.22 
22 11.70 68.02 
11 12.99 23.80 

TABlf 10-X1H 

PHgrawriON DMA FOR ASTM SPKCIfPK (OUIOG AND SCMWCR) 

imailv —ür—uíilk w- n» siijl ti» »ntii. bit» bu*. 
n ico 
I« ICO 
n ice 
» 100 

11 19 6 21 (:) 
2? )7 4 18 (Í) 
J) 4) 4 48 (E) 
44 4 86 (C) 

21 4 23 (B) 21 20 4 ¿1 (B] 
1« 4 49 (E) 38 37 4 38 (B 
47 4 83 (8) 48 43 4 48 (8 
87 4 88 (8) 86 V 4 J6 (8' 

21 4 23 (B) 21 
39 4 40 (B) 38 
49 4 83 <B) 48 
87 4 88 (8) 86 

as Into 713C 11 
26 tnro 718C 22 
27 Inco 713Î 33 
28 Ineo 713C U 

9 4 13(B) 12 4 13 
20 4 22 (B) 20 4 23 
24 4 30 (B) 28 4 38 
30 4 30 (8) 32 4 32 

(B) 12 9 4 18 (8] 
(B) 21 22 4 23 (8 
(E) 29 » 4 30 (8 
(B) 31 30 4 32 (B 

12 4 13 (8) 12 
23 4 23 (B) 29 
28 4 33 (B) 29 
32 4 32 (8) 32 

76 Ince 713C 11 
78 Inco 71)C 22 
74 Ineo TlX 33 
73 Ineo 7I3C 44 

6 4 9 (B) 9 4 11 C: 
7 4 11 (B) 10 4 10 (B! 
6 4 12 (B) 9 4 10 (B! 

» 4 30 (B) 29 4 34 (Bi 

9 
10 

9 
29 

6 4 9 (B) 
7 4 12 (B 
7 4 12 (B 
» 4 X (B) 

9 4 11 (B 
10 4 10 (B 
9 4 10 (B 

29 4 34 (B) 

9 
10 
10 
29 

33 tMlaot 700 22 
34 IMlaot 700 44 
38 tMlaot 700 46 
36 IMlaot 700 88 

7 4 7 (B) U 4 13 (Bi 
18 4 18(B) 18 4 19 (Bi 
18 4 33 (B) 44 4 46 (B! 
37 4 43 ( 8) 43 4 47 (Bl 

10 10 4 II (8) 12 4 14(8) 
20 18 4 19 (0) 23 4 28 (B) 
33 19 4 33 (B) 47 4 40 (■) 
43 30 4 43 (B) 47 4 81 (B) 

12 
a 
37 
43 

41 Har N421 
42 Har H421 
43 Her H421 
44 Har N421 

22 10 4 10 (B 
44 19 4 19 ( 61 
44 32 4 34 (Bl 
00 33 4 30 (B) 

12 4 1) (8) 
21 4 22 (8) 
37 4 37 (B) 
30 4 46 (B) 

12 13 4 18(8 
20 2* 4 a (8 
33 33 4 33 (■ 
39 33 4 30 (0) 

17 4 10 (8) 
22 4 » (8) 
37 4 37 (8) 
40 4 46 (8) 

16 

>6 
39 

Boto» t (I) ■ Attack on both oldoo of croo# ooetlanod area. 



PA
K

T
 I
C

I 
T

A
N

T
'S
 

'n
-^

T
 
a
T

J
il

T
I'

 f
.:

- 
It

fN
L

' 
W

m
L

\ 
tt

-H
'/

 

l‘»4 

H 

-t ^ 

<A U 

s,slllsslàs.slll 

rH I rH rH 

l/) ^ u.» if> >0 
O CX.’ j rH 

O^DO — O OC'3 J O ^ O 

Ú 

^ rA *-4 

■A 

*-r 

%'à 
r 

oc. < ai a 
-t i/ï «r C in ** 
J I 4^ I rj fil J ^ • 
J - * “ ■ * i ¿ ai r. 

et 

4J h QJ ni 

?. Si a 

8388^^3533.3888 8 
•—4 r-4 f—4 «—4 f—< »—4 r~* r-4 —4 r-4 t—i r-i r—i O 

T3 

Ä3S338S8888338S 
^ -O ~ù o V i) -D o ■& '■O r- ‘vO 

m in lO LO â ^ 1 —♦3 m i 8 8 

m 

3^33^^1 
r- ni —* — 0 

m 
m *t 
v£> • 

n i rj y -ï 

vO 

-< o 

8 J 
V4 

3 

s 
8 
rH 

—4 
r—i 1—4 f—4 Q —4 r—4 —4 
\ \ ^ \ —K 4J —s X X — N. 

Q^OJQr^iTJQ 
fn^—'in*—''-'wrHinww»ni-4'—'rn 

X ni 
*> 

8 
jp 
m 
ni 

0) • 
-4 m 
U 

fM 

ïî 
i in 

O 

S* 

!§ 

s 

-fi ^ â * o 5 „ ¡5 
8 3 S 

î 
n s 
« > r3 

"1¡ 
S SÍ 8 
a o e i 

Jiiii 

lls •! 

3íll 

ro n ü TJ (U 
CfflUQUU.OXtHHj&ii.jEzO www ww 





1% 

TABLE IPXVl 

ASTM ROUND-RDBIN TESTS 

Mean and Median Values of Surface Lo:.s and 
ftaxinvin Attack for 1650°F, 100 hr. Burner Rig Tests 

Surface l-o»«(milii) Maximum Attack (milt) 

4Ü2Ï. Mean Median Mean Median 

U-500 i. 5 
IN-7)8 8.0 
MM-421 8.8 
U-700 27. ) 
IN-71 )C 41.0 
IN-100 84.8 

2.5 12.4 4.5 
5.) 17.5 15.0 
5.5 21.1 15.5 

20. 5 >9.6 )0.0 
)1.0 5).1 41.) 
88.0 119.4 78.5 

Participant! A, I), C, O. G, I, J, L, M, N, O only 

TABLE 10-XVII 

summ OF VISUAL RATINGS VS WEICHT DOSS TOR TEST SPECITOJS (QUIOG ET ALL) 

Test 1 with 0.040 wt % Sulfur and Test 2 with 0.0004 wt % Sulfur in Fuel 

_Test 1 
Weight 

Exposure Visual Loss,2 
Superalloy Titne, hrs. Rating ra/an 

Test 2 
Weight 

Visual Loss,, 
Rating mq/an 

Weight of Surface 
Scale. ro/aTi 

Test 1_Test 2 

B-1900 5 
B-1900 5 
B-1900 5 
B-1900 5 
B-1900 5 
B-1900 5 
B-1900 10 
B-1900 15 
B-1900 15 
B-1900 15 
B-1900 15 
B-1900 15 
B-1900 15 
B-1900 20 

7 6.10 
8 4.18 
8 9.78 
7 15.39 
9 3.44 
9 1.96 
7 21.04 
6 102.95 
6 93.32 
7 73.56 
6 95.19 
6 68.18 
8 52.30 
7 132.64 

9 1.02 
9 5.41 
8 2.26 
6 3.43 
7 2.51 
9 0.94 
8 1.87 
7 12.81 
9 2.32 
6 4.82 
8 2.46 
7 6.39 
7 1.28 
7 4.97 

5.46 1.06 
4.91 4.74 
6.43 2.64 
8.44 2.91 
3.63 2.32 
2.54 1.22 
8.93 2.22 
16.26 7.05 
7.98 2.63 
8.23 4.82 
8.21 2.74 
14.57 4.57 
6.25 1.43 
23.09 5.01 

Mar M-246 5 
Mar M-246 5 
Mar M-246 5 
Mar M-246 5 
Mar M-246 5 
Mar M-246 5 
Mar M-246 10 
Mar M-246 15 
Mar M-246 15 
Mar M-246 15 
Mar M-246 15 
Mar M-246 15 
Mar M-246 15 
Mar M-246 20 

Mar M-200 5 
Mar M-200 5 
Mar M-200 5 
Mar M-200 5 
Mar M-200 10 
Mar M-200 15 
Mar M-200 15 
Mar M-200 15 
Mar M-200 15 

6 35.75 
7 31.00 
7 22.90 
7 24.24 
7 37.47 
8 13.49 
7 43.19 
5 124.32 
5 149.34 
6 154.66 
6 126.28 
7 83.70 
6 80.82 
6 143.64 

8 22.34 
6 37.54 
7 31.64 
7 29.61 
6 44.04 
6 150.80 
6 153.27 
5 151.11 
6 117.08 

7 10.46 
7 1.65 
6 6.17 
7 15.90 
6 6.95 
9 4.43 
6 15.53 
5 81.26 
5 35.50 
5 73.06 
5 30.26 
6 11.43 
6 24.41 
7 23.92 

7 9.44 
6 20.44 
6 16.94 
7 10.35 
6 9.08 
5 90.72 
6 36.66 
5 39.17 
6 29.02 

13.45 6.96 
5.62 1.89 
5.58 4.68 
13.85 6.80 
11.78 6.74 
8.03 5.36 
9.78 7.81 

15.05 16.20 
10.18 7.37 
27.41 15.14 
9.20 6.89 

14.81 9.44 
16.29 7.73 
20.94 10.08 

12.02 6.92 
15.50 8.16 
16.96 8.87 
11.58 11.00 
13.08 8.53 
22.20 17.01 
17.20 10.44 
30.53 11.51 
12.77 8.05 
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Mar ft-200 
MU M-200 
MU M-200 

IN-100 
IN-100 
IN-100 
IN-100 
IN-100 
»-100 
IN-100 
IN-100 
IN-100 
IN-100 
IN-100 
IN-100 
»-100 
IN-100 

Notai 

15 7 132.67 
15 8 110.57 
20 8 142.38 

6 60.53 27.76 13.07 
6 14.73 16.57 13.21 
7 8.53 14.26 10.45 

5 7 21.58 
5 7 16.08 
5 7 10.26 
5 8 22.54 
5 6 29.79 
5 8 6.86 

10 7 45.33 
15 6 114.50 
15 6 118.07 
15 6 102.30 
15 6 52.38 
15 6 93.78 
15 8 73.17 
20 7 130.94 

7 1.51 5.59 
9 3.68 5.40 
9 4.54 5.98 
8 6.95 4.33 
9 3.54 10.41 
7 1.38 5.30 
6 14.19 12.80 
6 10.64 8.53 
6 7.19 11.48 
6 8.17 10.97 
7 7.16 1.04 
7 10.28 14.96 
7 5.08 10.28 
8 4.03 9.84 

rmaliüng data in this Table duplicated in Jan. 1971 Table. 

1.79 
4.75 
5.73 
6.75 
4.74 
1.82 

12.20 
8.63 
6.48 
9.54 
8.25 

10.22 
5.84 
4.56 

T&HTÆ m-WIII 

TEST OCNDITIONS nVUML tDOWOOE ET AL) 

Alloy Alloy 
Cniwlition Kuel 

Sulfur 
( on- 

t*nt. rs 

S»li* 
<'on- 
tent. 
PI"» 

Temper¬ 
ature, 
«le* I 

Total 
Te»l 
Time, 

hr 

Waspaloy 
U 700 
U-700 
IN-713 
IN 100 
AMS 5382 
Waspaloy 
U-700 
IN-713 
IN 100 
AMS 5382 
MAR-M .302 
WI-52 
U-700 
AMS 5382 
MAR-M 302 
IN-713 
U-700 
AMS 5382 
MAR-M 302 
IN-713 
IN-713 
MAR-M 302 

wrought 
wrought 
cast 
cast 
cast 
cast 
wrought 
wrought 
cast 
cast 
cast 
cast 
cast 
wrought 
cast 
cast 
cast 
wrought 
cast 
cast 
cast 
cast 
cast 

JP-5R 
JP-5R 
JP-5R 
JP-5R 
JP-5R 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 
marine diesel 

0.4 0.5 1630 
0.4 0.5 1650 
0.4 0.5 1650 
0.4 0 5 1650 
0.4 0.5 1650 
1.0 0.5 1450 
1.0 0.5 1650 
10 0.5 1650 
10 0.5 1650 
1 0 0.5 1650 
1.0 0.5 1650 
1.0 0.5 1650 
1 0 0.5 1650 
10 1.0 1650 
1.0 1.0 1650 
1.0 1.0 1650 
1.0 1.0 1650 
1.0 5.0 1650 
1.0 5.0 1650 
1.0 5.0 1650 
1.0 5.0 1650 
1.0 0.5 2000 
1.0 0.5 2000 

• Synthetic sea salt. Nominal concentration, for actual, multiply by 7. 

100 
100 
100 
100 
100 
50 
50 
50 
SO 
50 
50 
SO 
SO 
50 
SO 
SO 
50 
SO 
SO 
SO 
50 
50 
50 

tmuj: in-XTX 

RESULTS OF HOT OCMCSION TESTS (DOWCHIE ET AL) 

(a) Effect of tanperature on weight change after 50-hr teat in 1 per cent 
sulfur diesel fuel and 0.5 am naninal salt/alr ratio.. 

Alloy 
■^ht ay,, .t £■ 

Waspaloy 
WI-52 
AMS 5382 
U-700 (W) 
MR-M 302 
»-713 
IN-100 

-0.06 
-0.12 
-0.13 

(0.10) 
(0.25) 
(0.23) -0.08 

-0.05 
-0.08 
-0.04 

-0.20 
-0.17 
-0.27 

aNunbers in parentheses indicate 10O-hr data, 
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(b) Effect of salt concentration on weight loes after SO-hr rig test in 
1 per cent sulfur diesel fuel at 1650 F. 

Alloy 

AMS 5382 
NAR-M 302 
IN-713 
U-700 (W) 

Weight Change at Salt Oonoantrationa Indicated,g 

0.¿ pon 1.0 pan 5.0 pan 

-0.08 -0.13 -0.11 
-0.08 -0.16 -0.44 
-0.04 0.00 -1.55 
-0.05 -0.03 -1.30 

aNaninal concentration, for actual, multiply by 7. 

(c) Effect of sulfur oonoentration on weight loss after SO and 100-hr 
tests at 0.5 ppn nominal salt/air ratio at 1650 F. 

Alloy 

Weight Change at Indicated (Fuel) Sulfur Concentration 
and Time, g 

So hr 100 hr 

M>U S JP-5 R-0.44S VD-U S JP-5 R-0.4% S 

MAR-M 302 -0.10 
Waspaloy -0.10 
AMS 5382 -0.15 
WI-52 -0.30 
IN-100 -1.35 
IN-713 -0.04 
U-700 (W) -0.05 

-0.10 -0.20 -0.25 
-0.03 -0.17 -0.06 
-0.04 -0.20 -0.10 
-0.25 -0.80 -0.65 
-0.85 -3.25 -2.70 
-0.10 
-0.03 

(d) Weight and thickness changes of alleys after 1650 F burner rig 
sulfidation testing. 

Alloy 
Salt Con¬ 
centration, 
ppn 

50 Hr 

Weight Metal 
boss,g Loss, % 

500 Hr 

Weight Metal 
Loss, g Loss, ï 

U-700 (W) 
MAR-M 302 
IN-713 
U-700 (W) 
MAR-M 302 
IN-713 

0.5 
0.5 
0.5 
5.0 
5.0 
5.0 

-0.05 -0.88 -2.32 
-0.08 -0.40 -1.76 
-0.04 -0.08 -7.94 
-1.30 -3.35 
-0.44 -0.56 
-1.55 -4.24 

-8.89 
-3.95 

-18.32 

TABLE 10-XX 

SESULTS OF EXPOSUreS OF ALLOYS TO MOLTEN SALTS 
(WHEATFALL ET AL) 

Vo Altar I ton ... . M»tk start ol Hikkam 
htartrolyl, AMMpkm PottMi.l, Potential, nviuím4 lia ) o,Uii4c 

V v' Potential • 
Riae, hr Rr 

Penetration,. 

Nickel 
Alio) A tAMS 

JWIAl 

Alloy B 
SM4) 

(AMS 

24 hr 
J min 
2 hr 
2 hr 
5 min 
2 hr 
2 hr 
) min 
2 hr 
S min 
2 hr 
5 min 
2 hr 
2 hr 

Nn^Oa 
NitSO« 
Ni.SOa 
NiaSO, 
NiiSOt-NaCI 
Na,SO, NaCI 
Ni,SO. NaCI 
Na.SO, 
Na,SO, 
Na.SO« 
Na,SO. 
Na,SO,-NaCI 
NaiSO,-NaCI 
Na,SO,-NaCI 

air 
air 
air 
arson 
air 
air 
arson 
air 
air 
arson 
arson 
air 
air 
air 

O.IJ 0.50 
0.26 0 92 
0.12 
0 14 
0 87 
0.09 
0.12 
0 OS 
0 07 
O J2 
0 02 
0.10 
0 06 
0 04 

Minimum value after initial riie and dcacent. 
Maximum value after initial riw and descent. 
Potential versus platinum electrode. 
No sustained rite durins experiment. 
Indicated measurement not applicable. 

Rate of scale formation - *“!* thickness- 

(S)- ( .S«°d 
V,ime' \potential rise^ 

0.90 
0.8) 
0 85 
0 65 
I 10 
Oil 
0 10 
0 40 
0.30 
0.66 
0 28 
0.9S 

14 
18 
0 
8 

24 
4 

4 

4 

4 

100 
4 

282 

SO 
74 0.050 in. 

101 
46 
121 
92 
41 
131 
328 

41 
238 
160 
245 
471 

0.055 in. 
0.012 in. 
0.170 in. 
0.100 in. 
0.030 in. 

Hfe 
17m 

7m 
20m 

■Ute nl Seek , 

"W- " 

7.1 X IO-‘ 
6.1 
4.1 

140 
11.9 
17.6 

2 

2,5 

1.7 
6.7 
7 
6,7 
Î.S 
1.» 



199 

TABLE IO XXI 

SUWARÿ OF TEST SPBCUBi WEICHT LOSS DATA (SOUBtCR AND Q01QG) 

Tempeir 
ature, 
deg F 

1400 

1600 

1800 

2000 

Sea Salt Geanetric Mean Weight Loss, mg/an 
Sulfur In in Air, " — 
Fuel, % W*” U-500 I-713C IN-100 Srt-200 WI-52 ME-l 

0.0002 0 0.3 
1.0 2.2 

10.0 24.1 
0.040 0 0.6 

1.0 0.6 
10.0 19.5 

0.40 3 3.9 
1.0 8.5 

13.0 19.5 
0.000’ 0 0.7 

1.0 1.7 
10.0 36.1 

0.040 0 0.6 
1.0 0.7 

10.0 63.3 
0.40 0 1.1 

1.0 1.0 
10.0 3.6 

0.0002 0 2.4 
1.0 4.5 

10.0 7.0 
0.040 0 2.7 

1.0 4.7 
10.0 5.8 

0.40 0 2.5 
1.0 4.0 

10.0 4.2 
0.0002 0 4.3 

1.0 6.7 
10.0 72.1 

0.040 0 4.3 
1,0 8.0 

10.0 25.0 
0.40 0 4.5 

1.0 6.7 
10.0 8.6 

0.0002 0 6.7 
1.0 7.9 

10.0 80.0 
0.040 0 6.5 

1.0 10.4 
10.0 8.7 

0.40 0 5.3 
1.0 12.4 

10.0 60.1 

0.2 0.2 0.6 
0.5 2.4 1.3 
3.1 12.8 2.6 
0.2 0.4 0.7 
0.2 0.5 0.4 
7.0 67.6 2.6 
1.4 4.5 3.7 
I. 9 7.3 4.8 

86.0 54.7 11.6 
0.5 0.4 1.2 
0.7 1.7 1.6 
5.8 35.6 22.8 
0.3 0.4 0.6 
0.2 0.3 1.6 
8.8 65.2 38.8 
0.5 1.3 1.6 
1.4 5.0 2.5 

II. 2 17.8 78.0 
1.1 1.3 2.5 
2.2 6.8 39.5 

55.8 110.9 141.5 
2.5 4.4 5.2 

II. 4 24.3 37.7 
45.9 113.3 104.4 
1.1 1.8 2.8 

16.8 26.9 24.4 
37.0 21.1 24.1 
1.6 2.8 10.1 
2.9 10.6 74.7 

31.0 102.5 235.4 
1.5 3.5 7.2 
5 5 13.1 41.3 

20.2 118.7 76.2 
2.2 6.2 15.3 
5.6 32.3 37.7 

76.6 66.0 19.0 
3.7 7.2 42.7 
6.0 9.8 73.4 

60.2 166.8 685.5 
10.2 32.6 82.2 
9.5 34.1 153.6 

III. 1 220.2 591.0 
19.5 72.5 155.9 
10.6 58.2 184.4 
61.9 165.5 193.6 

0.8 
2.4 

13.3 
1.3 
0.8 
8.7 
5.4 
5.4 
5.4 
1.1 
2.5 
3.6 
1.4 
0.7 
3.2 
2.2 
9.1 
2.6 
3.4 

17.9 
20.1 
4.2 

11.8 
15.3 
3.4 
7.7 

11.9 
8.5 

53.3 
80.4 
11.3 
29.3 
47.8 
17.5 
28.4 
28.9 

127.7 
129.7 
387.0 
115.2 
164.6 
376.3 
173.2 
216.3 
241.6 

0.4 
0.8 
3.1 
0.3 
0.7 
2.6 
1.6 
1.9 
1.8 
1.4 
0.4 
0.4 
0.3 
0.4 
1.5 
O.S 
1.5 
1.2 
1.5 
1.1 
1.2 
1.2 
0.8 
1.7 
1.0 
2.0 
2.5 
2.5 
1.4 
1.7 
0.6 
2.7 
1.7 
1.7 
1.4 
1.7 
1.3 
C.8 
2.1 
1.2 
2.7 
2.1 
1.3 
1.6 
2.6 

2200 
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TftBl£ 10-mu 

DEPOSIT AND OORHDSION PRODUCTS ON SPECIMEN SURFACE (I£E AND YOUNG) 

loi 
number Specimen 

A mourn 
of 

deposit, g 
Visual observaiion 

X-Ray dilfraeiion 
analysis 

u 

Hi 

Hi 

In 7IK' 

In 71JC 

X-45 

u-sio 

X-45 

LI-5110 

X-45 

LI-500 

X-45 

LI-500 

X-45 

l -5INI 

X-45 

I -54NI 

14 

14 

In 7JI 
1C« 

In 7» 
MU 

U-SOO 

12 LI-500 

X-45 

11-500 

X-45 

U-500 

In 7M(AI 
In 7)11 (B) 

X-45 

U-500 

U-500 

I.HAI 

O.AUK 

O.A.IK 

0.400 

0.514 

0.1 IX 

0 IIU 

0.)6) 

0.4)K 

o 1X2 

(»205 

o.oxi 

o llx 

I.SII t 

0.)19 

0.I6X 

0 16) 

0.172 

0.106 
0.104 

0.090 

0.076 

0.027 

Very heavy deposit 
No visible scales 

Very heavy comisión producís 
Heavy scale 

No molten Na.SO, 
Heavy scale on front surface 

Molten NaSO, on from and 
back surface mixed with 
corrosion products 

Patches of molten \a SO, on 
front 

Corrosion product on Kick 

Solive molten Na SO, patches 
on front and hack 

Corrosion product on all sur¬ 
faces 

Smallei amount of deposit 
than test 5 

M ime vvaier maiks on hack 

Smallei amotinl of deposit 
than lest 5 

Mime »ater maiks on hack 

I lakv corrosion producís on 
front 

Patches of molten Na SO, on 
hack 

Patches of molten Na SO, on 
front and back 

Moderate amount of deposit, 
less than test 5. 6 or 7 

Moderate amount of deposit 

Verv line powder-like deposit 
on Null from and hack 

Na SO,. NK'r.O, 

Na.SO,. NiCr.O, 

MeO)NiO 

M lute water marks 
are CaSO, 

MgO )NiO NiCr.O, 

Na SO,. CaSO, 

Na.SO,. NiCr.O, 

MeO )NiO. SIsM O, 

Na SO,. Mi*0 )Nrt> 
MgCo.O, 

Na SO 

Na SO, 

NiO. Nit i O, 
Nit oO, 

I ighl-cxloted tine (sowdei on ! Nil). Nit i tf 
Kuh lionl and hack 

Powder-like deposit on front, 
heavy white water mark on 
back 

Very light deposit 

Very light deposit 

Light deposit 

Light deposit 

Very light deposit 

NiO on Iront 
CaSO, on back 

NiCr.O,. Na.SO, 
MgO )NiO 

Na.SO,. NiCr.O, 
MgO.tNK) 

MgO.tNiO 
Na.SO,. NiCr.O; 
MgO)NiO 

MgO )NiO. NiCr.O, 
Na.SO, 

Na.SO,. MgO )NO 

Na.SO, 
NiCrX), 
MgO)NiO 

) Large due to water mark. 
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tahu: lo-xxv 

UK tÆUJifr oí' .sn<i'Aa: scau: visual ratings and WKiarr ujss (üuiüg et al) 

>.t Surface Seule.mn/ji^ 
hieposure (b) (c) (d) 
Tine,hra. Q.cu.)4< S u.uu4* S 0.04¾ S 

Visual Rating and Weight Loss 

.$¿4* 0.0^¾i s _o.(8it 
Rating nq/gii Rating nrn/cn^ Rating HH/gii* 

B-liXX) 
B-1900 
B-1900 
B-190Ü 
B-1900 
B-1900 

Mar M-J4b 
Mar M-¿46 
Mar M-246 
Mar M-246 
Mu M>246 
Mar M-246 

Mar .^200 
Mir M-200 
Mar M-200 
Mir M-200 
Mar :4-200 
Mar M-20L) 

IN-100 
n-i-loo 
in-loo 
IN-100 
IN-100 
IN-100 

5 
5 

10 
15 
15 
20 

5 
5 

10 
15 
15 
20 

5 
5 

10 
15 
15 
20 

5 
5 

10 
15 
15 
20 

2.12 
1.22 
2.22 
4.57 
1.43 
5.01 

6.74 
5.36 
7.81 
9.44 
7.73 

10.08 

8.87 
11.00 
8.53 

13.07 
13.21 
10.45 

4.74 
1.82 

12.20 
10.22 
5.84 
4.56 

7.11 
3.38 
7.52 

14.93 
12.82 
18.90 

11.88 
9.20 

18.39 
21.22 
21.56 
42.11 

13.71 
11.75 
20.97 
23.97 
19.24 
29.33 

5.44 
6.62 

lu. 71 
9.48 
9.07 

15.67 

3.63 
2.54 
8.43 

14.5; 
6.25 

23.09 

11.78 
8.03 
9.78 

14.81 
16.29 
20.94 

16.96 
11.58 
13.08 
27.76 
16.57 
14.26 

10.41 
5.30 

12.80 
14.96 
10.28 
9.84 

7 
9 
8 
7 
7 
7 

6 
9 
6 

6 
6 
7 

6 
7 
6 
6 
6 
7 

9 
7 
6 
7 
7 
8 

2.51 
0.94 
1.87 
6.39 
1.28 
4.97 

6.95 
4.43 

15.53 
11.43 
24.41 
23.92 

16.94 
10.35 
9.08 

60.53 
14.73 
8.53 

3.54 
1.38 

14.19 
10.28 
5.08 
4.03 

6 
6 
5 
5 
6 
5 

6 
5 
6 
6 
6 
5 

11.25 
2.77 

13.49 
63.18 
48.95 
77.77 

24.72 
22.10 
32.64 
87.35 
73.84 
85.15 

49.13 
18.26 
45.90 
96.50 
74.15 
99.92 

10.18 
11.56 
43.37 
37.95 
26.42 
71.90 

3 
9 
7 
6 
8 
7 

7 
8 
7 
7 
6 
6 

7 
7 
6 
7 
8 
8 

6 
8 
7 
6 
8 
7 

3.4 
1.9 

21.0 
68.1 
52.3 

132.6 

37.47 
13.49 
43.19 
83.70 
80.82 

143.64 

31.64 
29.61 
44.04 

132.67 
110.57 
142.38 

29.79 
6.86 

45.33 
93.78 
73.17 

130.94 

Inconel 713C 10 
Inconel 713C 10 
Inconel 713C 20 
Incnnel 713C 20 
Inconel 713C 30 
Inconel 713C 30 
Inconel 713C 40 
Inconel 713C 40 

4.08 
3.81 
8.05 
4.23 

10.40 
16.26 
12.00 
12.78 

7.96 10.06 
9.19 11.86 
7.72 9.66 

16.40 12.06 
9.02 10.45 

15.27 14.66 
8.40 9.72 

14.69 11.43 

8 3.56 
9 3.36 
6 11.33 
9 4.90 
7 14.42 
6 17.60 
6 30.17 
6 33.36 

6 7.34 
7 8.02 
7 7.20 
5 40.55 
5 49.37 
4 85.07 
4 53.16 
4 123.86 

6 26.22 
7 27.92 
6 68.39 
7 74.25 
6 130.81 
6 165.11 
5 180.16 
5 219.68 

Udimet 700 10 
Udiiret 700 10 
Udimet 700 20 
Udimet 700 20 
Udimet 700 30 
Udimet 700 30 
Udimet 700 40 
Udimet 700 40 

3.79 
3.45 
6.76 
5.18 
7.85 
8.72 
9.87 
8.39 

8.56 5.46 
4.51 5.0J 

11.57 10.12 
10.17 10.53 
6.75 18.94 

13.58 13.58 
11.20 20.26 
16.60 16.71 

9 3.68 
9 3.42 
8 6.29 
8 5.26 
6 28.49 
6 12.40 
5 63.52 
6 23.62 

6 7.95 
7 4.03 
6 19.32 
6 23.19 
5 30.69 
5 62.10 
4 62.84 
4 110.51 

9 5.13 
9 4.30 
6 36.84 
8 29.44 
6 109.47 
6 86.07 
6 139.38 
6 145.84 

IN-738 10 
IN-738 20 
IN-738 30 
IN-738 4o 
IN-736 60 

Udimet 710 10 
Udimet 710 20 
Udimet 710 30 
Udimet 710 40 
Udimet 710 60 
Udimet 710 80 

2.50 
6.31 
8.05 
8.43 

12.85 

5.90 6.33 
17.56 10.80 
24.21 11.24 
20.81 12.11 
38.36 18.47 

9 2.63 
6 5.84 
6 12.73 
7 13.65 
6 39.96 

9 5.49 
6 25.81 
5 29.04 
5 44.03 
5 94.12 

9 5.88 
8 12.96 
7 31.14 
7 56.67 
6 156.49 

4.76 
8.79 
6.57 
6.88 

10.59 
12.06 

5.67 
9.97 

18.28 
14.72 
13.70 
22.50 

5.46 
8.66 

11.82 
24.72 
27.11 
22.74 

8 6.25 
7 10.26 
8 6.29 
6 30.29 
6 52.65 
6 61.32 

7 5.48 
5 12.33 
5 34.25 
3 59.33 
4 69.65 
4 145.05 

9 5.41 
7 14.28 
7 19.66 
7 65.41 
6 108.94 
6 190.60 



20S 

WI-52 
WX-52 
WX-52 
WI-52 
WI-52 

Mar M-509 
Mar M-509 
Mar M-509 
Mar M-509 
Mar M-509 
Mar M-509 
Mar M-509 
Mar M-509 

Mar M-302 
Mar M-302 
Mar M-302 
Mar M-302 
Mar M-302 

X-40 
X-40 
X-40 
X-40 
X-40 

Ai-Resist 
Ai-Resist 
Ai-Resist 

20 
25 
40 
55 
70 

20 
25 
40 
40 
55 
55 
70 
70 

20 
25 
40 
55 
70 

20 
25 
55 
85 

115 

15 
40 
45 

8.93 
9.47 
9.91 
8.44 

12.62 

15.57 
17.25 
24.37 
25.66 
30.78 

15.53 
21.20 
24.43 
27.70 
32.37 

6 57.73 
6 48.39 
5 55.23 
5 102.04 
4 175.60 

15.02 
18.47 
19.23 
21.84 
22.70 
23.85 
22.96 
20.49 

15.80 
20.67 
19.74 
20.26 
26.66 
18.84 
33.45 
19.01 

9.03 
23.16 
17.82 
18.40 
21.57 
17.38 
19.32 
20.93 

5 14.64 
8 17.42 
6 21.62 
6 29.17 
7 27.54 
6 35.64 
7 29.04 
7 29.66 

4.61 
4.08 

18.49 
20.20 
23.43 

16.69 
16.65 
18.99 
22.87 
19.77 

13.04 
17.98 
22.10 
26.91 
20.66 

8 5.06 
7 4.43 
7 22.80 
6 28.71 
6 34.02 

9.55 
11.52 
18.70 
19.05 
20.26 

14.88 
12.71 
22.36 
23.49 
35.62 

12.76 
12.40 
16.89 
24.69 
44.00 

7 10.33 
8 12.64 
6 26.75 
6 34.29 
6 58.49 

5.95 
8.32 

10.45 

3.43 
15.04 
16.94 

5.14 
15.76 
18.59 

6 5.10 
7 6.96 
7 8.66 

(b) 1 ppm sea salt in air. 
0.0004 weight per cent sulfur in fuel. 

(c) 1 ppm sea salt in air. 
0.004 weight per cent sulfur in fuel. 

5 53.52 
4 79.45 
4 121.53 
4 147.31 
4 160.95 

6 13.86 
7 23.55 
6 26.78 
7 18.99 
6 39.12 
6 24.75 
5 52.46 
5 41.65 

6 16.65 
6 28.76 
6 37.34 
6 39.46 
5 35.78 

5 17.83 
7 19.17 
5 39.14 
5 55.63 
4 90.38 

7 3.22 
5 12.78 
6 14.07 

7 27.14 
7 47.37 
7 89.07 
6 103.32 
6 125.52 

9 9.34 
9 20.70 
7 22.95 
8 21.78 
7 31.89 
8 33.85 
6 38.16 
7 53.35 

8 12.13 
8 21.18 
8 34.83 
7 41.52 
7 53.84 

9 12.25 
9 11.49 
7 27.52 
6 53.40 
6 89.36 

9 4.65 
8 14.14 
8 16.89 

(d) 1 ppm sea salt in air. 
0.04 weight per cent sulfur in fuel. 

TABLE lO-XXVI 

SLM4ARY OF X-RAY DIFFRACTION ANALYSES OF SCALE RESULTING FROM HIGH-TEMPERAHJRE 

EXPOSURE OF SUPERALLOY TEST SPECIMENS TO DIFFEREOT FUEL-SULFUR OONCEOTRATIONS (QUIOG ET AL) 

(a) 

Super- 
alloy Coating 

B-1900 None 

fW-246 None 

fW-200 None 

IN-100 None 

I-713C None 

U-700 None 

IN-738 None 

U-710 None 

WI-52 None 

NM-509 None 

Bunsenite Mixed Spinel 
(N10) Structures 

X-Ray Diffraction Results for Scale Ccnposites 

S0 S1 s- S 

s 

s 

s 

• • • 

s 

s 

s 

s W 

Jo _Jl 

sb rf3 

sb 

sb sb 

... sh 

S13 sh 

sb 
.d 

°2 

S13 

S0 

S13 

S15 

Sh 

Unidentified 
Patterns 

S0 S1 

s W* 

S ?f,w9 

• • • 
s W3 

d sh 

SC,?b 

s0*?0 

w* 

Sd wh sh 

sd w13 wh s W3 

_2_ 

S 

S 

S 

W 

S 

w 

s 

w 

Other Patterns Indicated 
~ S, S, 

NiF„ 

NiF„ 

NiF- 

CoO 

CoNiO,, 
Na2SO‘(?) 

NiF, 

NiF. 

NiF- 

Na2S04 

NiF- 

Na-SO. 
¿ 4 

NiF- 

COO 

COO 

NiF, 

NiF, 

CoO 

OoO 



zu« 

Nt1!- io 2 None 

X-*lu None 

AH-215 None 

" . ... -111 

COO 

Coü 

CoU 

(a) 5vin|ile» analyzed represent a caipjsiteof the loosely-adherir*j 
scale ïren all taqx)sed test sjjecliiens (i.e., for all time ¡x*ri(xls) 
in a given sideralloy-o Kiting system 

b Unitientifled cubic structure 
c Nickel chromite (NiCryi.) 
a Cobalt chromite (CoCrío,) 
e Nickel Aluminite (NiAI^O.) 
f Possibly sodium tungstate dihydrate . 211,0) 
g Possibly sodium cobalt (II) fluoride 
S0 Fuel oontaining 4 ppit sulfur 
Sj Fuel ainUiininc) 40 ppm sulfur 
S* Fuel oontaining 400 ppm sulfur 

Response Designation: 
S = Strong pattem observed 
K = Weak pattern observed 
? - Pattern not positively identified 

(...) = /vnalysis not performed due to insufficient surfile 

VT cl 

h Wr W s w 

CcNiO., 
Na2S0^ (ï) 

CuN ÍO.. 

CoO 

CoO 

CoU 
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SCbSmiKfl’ SUUHlIViTION AND OXIDATiJN (»■" IK 713 DC 

X-RAY Dn-rHACTION AHi’iLYSI: (IIRDOS) 

I h ulnii in Mt nhl ill'll f'lhi't . 

ai cj'l 24 h 4(H) ( () 
0 2' 111)! Im- S III h 'KHI ( 

24 h 41 HI ( (>.. 
I6S h 4IH) ( air 

46 h S1HI C , Ni iS . in V.KIH1111 

24 h 4IH) ( I). 
I6S|i'KH)( air 

46 h 'MHI { , Ni ,S in lauiuni 
24 h 'MHI C O. 
|6S h 'MHI ( air 
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( r S, ( rS ’ NI 
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( nS, ( I \i N 
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TMlg lO-XXU 

PORROS ICH RATES AS A FUCTIOM OF IPfERftlURE (reLDO 

Material 
7S0C »¡OC »SO C 

(«mi MOA) («im MUA) lam Mit) 

Nim «OA SS 
Nim IOS 10 
IN-71) LC M 
IN-7M M 
M-421 M 
M-246 210 

«0 i.n 
2M> II) 

1040 I «00 
120 200 
1)0 42« 
))0 SM 

IABI£ lOXXX 

RESULTS OF HJT-CPRROSICN BUWÆR-RIG TESTS CM QOMmTIAL NICKEL AND 
OOBALT "sÔ^RALIiOYS * t (WHLATFALL) 

Aãor 
Chu 

Item 
Ato ^ 

Lau m Diameter t Surfar* lou/max penetration (mlhll 
nwrmoõkt itocrrnooo * mtfFnoooM iitxfFiim m 

1 
1 SEL 
2 Inco 7I)C 
) SEL-IS 
4 IN-100 

1 S MV-M200 
6 UdiiMl S00 

1 7 Udimet 700 
j 1 René 41 
1 9 HuteUoy X 

22.7/4S.« 62.)/69.) 3I.S/SI.S 2. l/l 1.4 
1)0 4 •• - $9.0/77.1 lo 1)0 4> •• IM 4 •• 
IM4 •• - IM4 •• 
1)0 4 •• - IM4 •• 
)0.4/64.4 IM4 •• 
1.)/7.6 2.7/12.4 1.1/)1.7 S.S/29.J 
)9.6/66.0 lo IM 4 •• - 45 9/6).9 
2.6/10.) - - 6.0/M« 

1.)/0.5 1.0/12.0 IJ/ISÎ 

10 X-40 
11 Mir-MJ02 
12 Mar-MSO» 
1) WI-52 
14 L-MS 

0.6'4.2 - I.0/II.6 
0.0/S.4 - ).)/10.0 

2.i/ia» 
IS.6/21.4 - 6.6/10.2 

10/0.6 5.S/IS.3 10/11) 

* Data fron Bergman et al 
t Test Oonditions: 5 ppm sea salt (in air); 30/1 air/fuel ratio (by wt); 
** Specimen carpletely penetrated. 



Preceding pege Hank :u4 

Figure 10.1. Relativo performance 

of auperallojra Investigated in 

engine (Salt/Air ratio: 1 ppm) 
and rig (Salt/Air ratio: 6 ppm) 

testa. (Walters). 

MOO (too 1000 1T00 1000 

Metal Tantea fatuta -*f 

Figure 10.2. Corrosion aa a 

function of tenperature for Inco 
713C tested using JP-4 fuel with 

a Salt/Air ratio of S ppm. 

(Walters). 

Mala) temeeretefe -'t 

Figure 10.3. Corrosion as a 

function of tesiperature for Inco 

713LC tested using JP-4 fuel with 

a Salt/Air ratio of 8 ppm. 

(Walters). 
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Figure 10.4. Corrosion os a 
function of tenperature for Inco 

713C tested using JP-4 fuel with 

a Salt/Air Ratio of 4 ppa. 

(Walters). 
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Figure 10.S. Corrosion as a 
function of temperature for Inco 

713LC tested using JP-4 fuel with 

a Salt/alr Ratio of 4 ppm. 

(Walters). 
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Figure 10.6. Corrosion as a 
function of temperature for Inco 

713C using JP-4R fuel with a Salt/ 

Air Ratio of 8 ppm. (Walters). 
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Figur« 10.7. CorroalOB •• a 
function of taaperatura for Inco 
713LC ualng JP-4H fual «Ith n gait/ 
Air Ratio of • pp«, («altara). 

Figura 10.R. Corroalon aa a 
function of taaparaturo tor Inco 
713C ualng JF-4R fuel with a Salt/ 
Air Ratio of 4 pp«, («altara). 

Figura 10.R. Corroalon aa a 
function of tanparatura for Inco 
713LC ualng JP-4R fual «1th a Salt/ 
Air Ratio of 4 pp«, («altara). 
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Figure 10.10. Corrosion as a 

function of temperature for Inco 
713C tested using JP-5 fuel 

(0.16fS) with a Salt/Air Ratio of 
8 ppm. (Walters). 

M«l«l Umptralwr*-'i 

Figure 10.11. Corrosion as a 

function of temperature for Inco 
713LC tested using JP-S fuel 

(0.16%S) with a Salt/Air Ratio of 
8 ppm. (Walters). 

M«l«l - f 

Figure 10.12. Corrosion as a 

function of temperature for Inco 

713C tested using JP-4 fuel with a 

Salt/Air Ratio of 4 ppm. (Walters). 



213 

UMM» 

I Imm— Im«««»» 

H>W«»w »■»<«■« 

F * 1 MOH»mi Iimit« 

ALLOT 

Figur« 10.13. Variation of Total 
corroaloa «Ith tino for a Hoya 
t«atod ualng JP-4 fu«l and a galt/ 
Air Ratio of 4 ppn. (Walter«). 

Figura 10.14. Depth of Attach at 
10SO°F aa a function of tine of 
ospoeure. (Waltera). 

no# ItM I NO I NO ION ION 

Cjrtlle Mal Ma«a>alaia CF) 

Figure 10.IS. Ae-eaat rereua heat 
treated Alloy 713C at each cyclic 
teat tenperature. (Ryan et al). 



Figur« 10.16. Aa-ckft versus heat 

treated Alloy 713C n Cr at each 

cyclic test teaperature. (Ryan et 
•1). 

Figure 10.17. Xs-cast versus heat 

treated Alloy 713C + a% Cr + Y at 

each cyclic test teaperature. (Ryan 
et al). 

Figure 10.16. Coaparlson of the 

aeaaured voluae loss and the loss 

predicted by the regression equation 
for Alloy 713C. (Ryan et al). 



Temperatur“ CF) 3310-91 

Figure 10.19. Coaperlson of the 

measured volume loes and the loss 
predicted by the regression equation 

for Alloy 713C + 2% Cr. 
(Ryan et al). Figure 10.20. Comparison of the 

measured volume loss and the loss 

predicted by the regression equation 

for Alloy 713C + 2% Cr + Y. 
(Ryan et al). 
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Figure 10.21. Light and electron 
■Icrogripha of corrosion on Alloy 
713C after 1000 and 2000°F cyclic 
teats. (Ryan et al).
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Figure 10.22. Mlcroprobe traverse 
across corrosion area of Alloy 713C 
after 1MX)°F cyclic test. (Ryan et 
al).
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Tt»T MOTION. lOUOO

rigurc 10.25. Hot CorroaloB of 
iDconal 71X olth zaro aaa aalt la 
air (Qulgg and Schlraar).

"yj.

rigura 10.27. Hot CorroalOB of 
iBCOBal 71X turbloa blada. 
(4ul|( •nd Schlraar).

’V.

• • •

4

«. * '- - - - -

TtoT euaoTioo. Maun

rigura 10.26. Hot CorroaloB of 
IbcoboI 71X «ltb 1.0 ppa aaa aalt 
iB air (Qulgg aod Schlraar).

rigura 10.28. Hot Corroaloo of 
locooal 71X Spaclaan (Qulgg and 
Schlraar).

25 houra at 2000F teat coodltloo with 
1.0 ppa aaa aalt aod 0.4 at T aulpbur 
Marble'a reagent etch. 4000 X Hag.
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Figure 10.39. Severe hot corrosion 
on AMS5391A (7130 (Doering and 
Pergaan).

i

Figure 10.40. Photomicrograph of 
cross-aectlon area of the leading 
edge of a corroded AKS53P1A (71X) 
nozzle vane. (I'netched, 60x). 
(Doering and Bergman).

Figure 10.38. Incc 71X after 150 
hours of testing at loOO F. Top 
photo IS 6.24 magnifications, centre 
photo Is 200 magnifications, and 
the bottom photo Is 100 magnif­

ications. (Vlssanathan).

mm
Figure 10.42. Photomicrograph of 
cross-section area of an AMS5391A 
(713C) specimen tested at 1550 F 
for 1000 hours with 0.5 ppm sea 
salt (Inetched, 50X) (Doering 
and Bergman).

mm.
Figure 10.41. Photomicrograph of 
the ABS5391A (71X) nozzle vane 
Illustrating the small grey globular 
phase at the Interface of the 
oxides and base matrix (I'netched 
lOOOx) (Doering and Bergman).



Figure 10.43. Pbotoalcrograph of 
croes-erct loo ere* of an AllSi391A 
(713C) ■peclaeo teated at 1600°F 
for 1000 boura «lth S ppa aea aalt 
(I'netcbed, 80s) (Doartng and 
Bargaan).
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Flfrurc 10.44. Surface oxidation 
(Qulgg and Schiraer).
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Figure 10.4S. Accele'ated aurface 
oxidation (Qulgg and Schlraer).

Figure 10.46(a). Surface oxidation 
eltb vanadlua penetration.
(Qulgg and Schlraer)
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Figure 10 46(b). Surface oxidation 
• ith vanadluc. penetration 
(Quigg and Schiraer)

Figure 10.47. Accelerated surface 
oxidation with vanadlua penetration. 
(Qulgg and Schlraer).

Figure 10.48. Hot corrosion of 
Inconei 713C. (Qulgg and Schlraer).
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Flfure 10 49. Hot corroalon of 
IncoDol 71X. (Quite ftod Schlraor).

i. . - <<

S|M-rini<-n ri

M-l^’.lll. MMr II

rigur* 10.50. mcro»tnictur» ot 
uncoatMl Inco 713C after hot 
corroalon taata at 16S0°F for 
60 boura. (Iloora and Stataon).



Leasi Curroalon 
Retisum

Most Corrosion 
Raslstam
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Figure 10.51. Ranking of uncoateo 
nickel-base alloys. (Moore and 
Stetson).

T>Mt. HMi*

Figure 10.53. Relationship between 
weight loss and exposure time for 
superalloys in ASTM Program 
(Quigg and Schirmer).

Round'Rubln Testa 
ASTM Cfss Turbine Panel

Figure 10.52. Relationship between 
weight loss and exposure time for 
bare and coated Inconel 713C.
(Quigg and Schirmer).

9 avtciMM rMH *»M 9 e»«Lic rtwt m
' e 99^ atA »Ak.T ■■ «« AW 6 e«e wt «
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Figure 10.54. Rot corrosion of 
superalloys after 44 hours exposure. 
(Quigg and Schirmer).
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Flture 10.59. Sactlon through 
IN ■ 713 blade airfoil of turboprop 
engine ahoeing light gray Cr2S3 
phaae (bracket) preceding oxidation 
(xlSOO) Etchant: alxed acida. 
Reduced one third for reproduction 
(Donacble et al)

r r -' V-^

Figure 10.61 Effect of tenperature 
on weight loaa after aulphldation 
rig testing (Donachle et al).

e.e*.e'» p(^ m*

Figure 10.62. Effect of salt 
concentration on eeight loss afte: 
sulphidation rig testing.
(Donachie et al).

Figure 10.60. Section through 
IN-713 sedge speclaen tested in 
90/10 NS2S04 NaCl elxture (Fig. 6) 
showing light gray Cr2S3 phase 
(bracket) slellar to service 
experience of IN-100 and IN 713 in 
turboprop engines (xlOO). Unetcbed. 
Reduced one third for reproduction. 
(Donachle et al).

Figure 10.63. Sulphidation test 
results at 1650 F with JP-5R fuel 
and noalnal 0.5 ppe synthetic aea 
salt. (Donachle et al).
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Figure 10.64. Section through 
IK-713 tent epecleen efter 26 hr 
et 1800 F In eulphldatlon rig teat. 
Kota light gray Cr2S3 phaae. 
(Donachle et al)
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Figure 10.66. Specleen weight 
change during 1690 F - 900 hr. rig 
tent unlng 1 per cent aulpbur 
dlenel fuel and 0.9 ppe aalt:alr 
ratio (Donachle et al).
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rifur* 10.65. Effect of salt 
coocentratlon end timm on welfbt 
lose After 1650 F rij testing using 
1 per cent sulphur nsrine diesel 
fuel. (Donschte et si).

COMPARISON Of CRUCIBLE ANO 
EROSION RiG SULfiOATiON TESTS

U TOO^ ®-P0RL 163 
A^II^CONCL 700

- OS-

»
s “■

a 0.
|oos

OM

M4B *0\Ot
soo

S SCO
:'U4* «i?oo
U44 e?OC .K«Ct<M«U.7

IS too cosesc GA4IR
«CRl IAS

;«l OO riRC GA44I

to 20 30 40
LOSS IN WEIGHT (GRAM9

PWA EROSION TEST l650*f

Figure 10.67. CoNpsrison of 
crucible and erosion rig sulphid­
ation test data. (Grahaa et al).

0 TOO 
•I-U

Figure 10.66. Coepariaen of 
eulphldatlon behaviour at 1600 F 
of coeaerclal auper-alloya aa 
deterelned hy crucible teat. 
(Grahae at al).



ri(ur« 10.69. Englne-tcatcd unco«t*d 
Inco T19 Bosil* dlaphragB.
(Bartoccl).

ricure 10.70. Effvct of tlM BBd 
tcBperatura on bot-corronlon ranlnt- 
•nca of conted »nd unconted Inco 713. 
(Bnrtoccl).

i
i

Flturo 10.71. Typical corrodnd 713C 
turbine blade and datalla.
(Haallton et al).

ricure 10.72. Tranavarae aactlona 
of alrfolla trom corroded turbine 
bladea after 2700b operation (713C7) 
(Haallton et al).



Flgur* 10.73. Corrodad 713C turbln* 
blade* operated lb a aarlne 
envlroneent. (Haallton at al>.

mm
' - ' * *»»r a
mmi

Fifur* 10.74. Acc«l«rftt*d •nglo« 
t«st«4 alloya. (Baailton «t al).

SVATtONAIV AND tfST STAND CNOiNfS
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Figure 10.79. Hot corroalon of 
turbine blade allopa. (Haallton 
et al).
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rifur* 10.76. R«latlv« wiflit loss 
coapared to Alloy 713C aatorlal. 
(Haailtoo ot al).

Flfura 10.77. Potontlal>tla« curvoa 
of Alloy A (AMS 5391A) at 1650 F 
Id aoltao aalta uodar air.
(Wheatfall et al).

rifur* 10.78. "Alloys contslnlng 
sbout 138 Cr" - slaost certsloly 
T13C. (Wsll and Mlchasl)



rifur* 10.79. loa* of
Nl-13 Cr-e A1 alloy* aftar aapoaur* 
to 1290, 1390, and 1490 F. (Wall 
and Mlchaal).

. Ji

Flfure 10.91. Turbla* blade* troa 
navy aircraft angina. (Scblraar 
and Qulgg).

\

-mm I
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Flgura 10.90. Coapoaltlon proflla 
of Nl-13 Cr-6 A1 (71X) alloy 
aapoaed 90 hr at 1490 F.
<9*11 and Mlchaal).

Flgura 10.93. Effect of preaaura on 
the oaldatlon rata of auperalloy*. 
(Lea and Young).

Figure 10.93. Bot corroalon of 
Inconel T13C turbine blade <*2000) 
<8cblraar and Qulgg).



Flfur* 10.84(a). Effect of sulphur 
In fuel on hot corrosion of four 
bare auperslloys (Qu1(r et al>.

Flpure 10.84(b). Effect of sulphur 
in fuel on hot corrosion of four 
hare superalloys (Qulgg et al).

.VJt;

Figure 10.SS. IN 713 LC 168 h/800°C/ 
NI3S2 (Erdos).

1
Figure 10.86. IN 713 LC Hot corrosion 
In gas turbine 1 year 700 - 750°C 
(Erdos)

^ ^ /I

Figure 10.67. IN 713 LC lo pilot 
plant 300 h/850^C (Erdoa).

Figure 10.88. IN 713 LC In 
sulphatlc salt Belt 112 h/NOO^C 
(Erdos).
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Figure 10.89. Oxidation ratea 

of IN 713 LC In 02 1 atn. 900°C. 

(Erdos). 

Figure 10.BO. Oxidation ratea of 

IN 713 LC In O2 (air) 1 ata, 900°C. 

(Erdoa). 

Figure 10.B2. Corrosion behaviour 

Figure 10.91. Oxidation rates of of nickelbaae superalloya. (Felix). 

IN 713 LC In 02 1 atm. 800°C. 

(Erdos). 

Figure 10.93. Effect of chronlum 

on the hot corrosion of nickelbaae 

alloys. (Felix). 
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Car'0%-or rat* 

timlXO* O 

Figure 10.94. Hot corrosion effect 
of aluminium content In nickel 

alloys. (Felix). 

Figure 10.95. Effect of Al/Cr-ratlo 

on the cor* on of nickel alloys. 
(Fell ., . 

Figure 10.96. Corrosion effect of 

the titanium content In nickel 

alloys. (Felix). 

A Corroaon roto 

100a ’r"'**»'1 0 

in 713 

Figure 10.97. Effect of Al/Tl-ratlo 

on the corrosion of nickel alloys. 
(Felix). 

Figure 10.98. Corrosion effect of 
Al/Ti Cr* ratio In nickel alloys. 

(Felix) . 

Figure 10.99. Arrhenius plot for 
the hot corrosion of nickel alloys 

(showing linear temperature depend¬ 
ence) (Felix). 
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ricur* 10.100. Arrbcntuf plot for 
the hot eorroelon of nickel elloye 
(•hoeing non linear teapernture 
dependence) (Felix).

A -w- it ;jr

L_-

rifur® 10.101. Effect of chroelu* 
oo the corrosion of nickel alloys 
St different teeperatures. (Felix)

J00^/

different teaperstures. (Felix),
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Figure 10.103. Mlcroprobeanalyil* 
of a corroded teat Baaple, aaterlal 
IN 713 LC (K.-i, 500 x) (dark aeana 
high concentration) (Felix).
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Figure 10.104. BlcroprobeanalTala 
of a corroded turbine vane, aaterlal 
IN 713 LC (»a, lOOOx) (dark aeana 
high concentration) (Felix).
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rigur* 10.105. Hot-corro«ton attack 
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Figure 10.107. The Influence of 
corroBlon on the creep behaviour 
of the nlckel-baae alloy 713V at 
900°C.

(a) In air.
(b) In hot gas streaa.
(c) In hot gaa stream with synthetic 
sea aalt according to DIN 50900 but 
dry. 36g/48h.

without protective coating, 
chromized.

without protective coating, 
without protective coating, 
chromized.

LDC-2 aluBlnide coating with Pt. 
alusilnlde coating.

(Huff and Schrelber)

Figure 10.106. Hazlmum depth of 
penetration veraus chromium content 
for nickel-base gas turbine auper- 
alloys In a hot-corroslon burner-rig 
teat at 1750°F (Bergman et al quoted 
by Wheat fall).

1
f

Figure 10.108. The Influence of 
salt concentration on the fatigue 
life at 900^C, Ni»oca»t 713V.
140 K/mm^.

i
s

ioKWl
mti

without protective layer, and 
without salt.
without protective coating, 
with salt.
50 .m thick protective coating 
LDC-2, with wait.

70 ..B thick protective coating 
LDC-2, with salt.

50 „m thick protective coating 
LDC-2, without salt, 
with enamel coating.

(Huff and Schreltcr)
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Figure 10.109. The Influence of 

temperature on the creep behaviour 

of the nickel-base alloy Nlmocast 
713V at 140 N/mn2. 

(a) In air. O 

(b) In hot gas stream from JP4 fuel. * 

(c) In hot gas stream with synthetic ■ 
sea salt according to DIN 50900, 

but dry, 36g/48h (31 ppm). 

without protective coating. 

(Huff and Schreiber). 

Figure 10.110. The Influence of 

corrosion on the creep extension 

of the nlckel-basc alloy Nlmocast 
713C at a stress of 140 N/mm2 at 

900°C. 
(a) In still air. O 

(b) in hot gas stream with synthetic 

sea salt according to DIN 50900 31 ® 

(Huff und Schreiber). O °*5rr-< x 

UbCAU.0 

t(HOURS) 

Fig. 1 112. Effect of water 

vapour . i the cyclic oxidation 

resistan. ' of 304 SS at 1100°C In 

air. (Cycled every 100 hours). 

(Clark and Hulslzer). 

Figure 10.111. Localized and 

surface corrosion rates at 

different stresses, nickel-base 
alloy 713V, 900°C. 

aHGK localized corrosion rate In 
hot gas . 

aHCK/salz localized corrosion rate 
in hot gas with synthetic 
sea salt 36g/48h, 

HUCK surface corrosion rate In 
hot gas. 

bncK/salz surface corrosion rate 
in hot gas with synthetic 

sea salt 36g/48h, 

(Huff and Schreiber). 

Fig. 10.113. Effect of water 

vapour on the cyclic oxidation 
resistance of alloy 600 at 1100°C 

in air. (Cycled every 100 hours). 

(Clark and Hulslzer). t(HCURS) 
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Fig. 10.114. Relationship between 

iron content and water vapour effect 
for Fe-Ni-Cr alloys after 1000 hours 
of cyclic oxidation at 1100°C. 
(Clark and Hulsizer). 

Figure 10.116. Effect of water 
vapour on the cyclic oxidation 

resistance of IN-586 at 1100°F in 
air. (Cycled «very 100 hours). 
(Clark and Hulsizer). 

Fig. 10.115. Effect of water 

vapour on the cyclic oxidation 

resistance of Hastelloy alloy X 
at 1100°C in air. (Cycled every 
100 hours). 

(Clark and Hulsizer). 

Figure 10.117. Effect of water 

vapour on the cyclic oxidation 

resistance of IN-100 at 1100°C in 

air. (Cycled 24 to 100 hours). 
(Clark and Hulsizer). 

Figure 10.118. Effect of water 

vapour on the cyclic oxidation 

resistance of alloy 713C at 1100°C 

in air. (Cycled 24 to 100 hours). 
(Clark and Hulsizer). 

1 (HOURS) 
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MMOUHS) I (HOURS) 

Figure 10.119. Effect of water 
vapour on the cvcllc oxidation 

resistance of üdlmet 700 at 1100 C 
In air. (Cycled 24 to 100 hours). 

(Clark and Hulsizer). 

Figure 10.122. Effect of water 

vapour on the cyclic oxidation 

resistance of Udlmet 500 at 1100 C 
in air. (Cycled 24 to 100 hours). 

(Clark and Hulsizer). 

r MiMMl M M M i m » » HM 'Mû \t i 1 A 11 \ 

Il i VI11 IIS I 4 Ml l»M I 1 •MH I M »VS 

|A| 

t!-s 

I MM mi I IIH1 Alii M . "MIN 

it » I / M . _ 

i HM' »MH M »'»Ml M _ 

1 I I I 11 H> 4HI 41.1 « .»I AAlc V* 

Figure 10.120. Effect of water 

vapour on the cyclic oxidation 
resistance of IN-738 at 1100°C In 

air. (Cycled 24 to 100 hours). 

(Clark and Hulsizer). 

Figure 10.121. Effect of waver 

vapour on the cyclic oxidation 
resistance of Mar-M alloy 421 at 

1100°C in air. (Cycled 24 to 100 

hours). (Clark and Hulsizer). 

BAKELITE MOUNT 

SURFACE ATTACK 

1(1 2li IU 41' >" To - Vo loll III' lit! !.>• 14" M" 11.1 
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Fig. 1.123. Hot corrosion rig test 

results for uncoated nickel-base 

alloys. (Stetson and Moore). 
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Inco 717 

K.H. Hi’tin, J.K. Kildsig and P.E. Handlton (Allison Division of General Motors) Technical Report to 

Wright Patterson A1T3, Air Force Materials Laboratory AFML-TR-67-306 (Aug. 1967). 

A detailed suninary of the procedure used in this report ami the principal result is given under 
PDRL-163. Inco 717 is one of the middle group of alloys tested (the others were PDRL 163, IN 728 NX, 

713C, 713C+Cr, 71X-Kr+Y, Mar-M 421, Mar-M246, IN 100, C34R 235; 717 was conparable with IN 100, 713C and 

Mar^M 421; tKK 235 and Mar^M 246 were considerably worse tlian this group). Figure 11.1 shews the volume 
loss as a function of temperature for both as-casted heat-treated specimens. Figure 11.2 carpares the 

measured volume loss ,ind that predicted by the regression equation (see PDRL 163). 

'Ihe Tucrostructure of all the alleys could be described in terms of three zones: (1) an outer layer 

of continuous oxide on the surface which gradually graded into an area of mixed metal and oxide; 
(2) a layer of depleted metal; (3) globular sulphide particles. Figure 11.3 shews the general appearance 

of the corrosion, and Figure 11.4 shows a mi croprot* traverse, and the relative analysed oorpositions. 

P.E. Hamilton, K.H. Ryan and E.S. Nichols, Hot Corrosion Problems Associated with Gas Turbines, 

ASTM Special Toctmical Publication STP 421, 1967, 188. 

See 713C for details. 717 seemed quite resistant, in oerparisan with the other alloys tested (713C, 
TRW 1900 and SM 200). 

Data relating to this alloy will also be found in the follcwing Figures : 
10.74, 10.75, 36.1, 36.2, 36.3, 36.4, 36.5, 36.6, 36.7. 
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Figure 11.1. As-cast versus heat 

treated Inco 717 at each cyclic 

test temperature. (Ryan et al). 

Figure 11.2. Comparison of the 
measured volume loss and the loss 

predicted by the regression equation 

for Inco 717 (Ryan et al). 
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Inc» . 18 

:4s 

R. Viswanatlian, a^rrosion 24 (1968) 359. 

Westinghouse swirl fumaoe, No. 2 diesel fuel contaminated with 6» sulphur. Gas passed over 
platinised ceramic catalyst to give large content of sulphur trioxide. 'lypical gas analysis: 
12% CU?3.2*0?, 1500 ppm Su„, 150 ppn SO,; raiainder nitnxjen. Cylindrical hollcw specimens, ^ in. 
OD, 1 In ID, S in long. Cleaned specimen coateil with salt by di[iping in malten mixture of equal parts 
sodium and magnesium sulpiiates. Testing at 15u/V (816°) for times of 10 - 200h. Corrosion estimated 
bi’ mptallographic measurement of "unaffected metal" >ind by weight loss after descaling. 

2 
Inco 718 lost 8.5 mg/cm ; 95.4% of the metal was unaffected in a 150h test, one of tie better 

aroup Of alloys tested, comparable with Hastelloy X .uxi U-5UU. 

Ifie effect of two different sulphur trioxide levels in the gas stream was tested: 6 ppn and 150 ppm. 
For 718 the weight losses in a 150h test ‘were 1.90 and 8.5() mj/ori resjectively. The author oonsiders 
that SC?j stabilises tlve sulpliate coating. 

Data relating to the alloy will also be found in the follaiing Figure : 38.14; 
anti Table : 38-1. 

L 605 

I’.A. Hergnun, Corrosion 23 (19(i7) 72. 

SIX for a sunniory of Uie method .»mi s»ne of tlie general results. 1,605 was severely corroded 
tt 102 In *'■'* with 200 I4in salt m an , ').2'>' s ln the futl« Ihe^alloy was subject t iœi 
intergr.inul.ir ,itt,»ck. 
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IN 728 NX 

f*?)' J'R- P-E- Helton (Allison Division of General Motors) Itechrucal Report to 
Wrigiit-I atterson AFB, Mr Forœ Materials Laboratory AFML-TR-67-306 (August 1967). 

(1’DRL *foÜie plXXe^rQ is 9iven PDRL-163. IN 728 NX was the second best alloy tested: 
X ^ ,lL + Cr Lls ^ - 13.1 oonpares tl« Wlure Ices of the as-cast and heat-WeT 

allov for all terpcratures. ligure 13.2 arraies the measured volune loss and that calculated fron 
regression fomila see I’DHL 163) for IN 728 NX. For all the alloys, the microstmcture of Se 
—?" Z'iL -to three zones: (1) an outer layer of continuous oxide on the surface which 
S. °f ^ } (2) a layer of depleted metal; (3) Globular 

“ pa u 's‘ 1 1,'tures llTe uf 71X', 717 and 1MR-23S; tliere are no sections of IN 728 NX shown. 

J._ . Walters (A'.CU'Lyoxiing Division) Technical Hep. .t to the Air Force Materials Laboratory. 
Wright-Fatturson /Ur Force base, Ai'ML-TR-67-297 (Septerber 1967). 

to-is^^it^ U< 728 18 liSted 115 üne of a gtouP of alloys with "relatively good 
f . : Würe 1 700 180). X-ray analysis of the corrosion products 
. unu m tie trailing edge after 40h of rig testing identified a spinel with a = 8.27 a, NiO, Cr 0 

;iTe‘Lafter 12Uh Were ^ SJne 35 at 4cil- products identified in2pàider 
.uitrc tr.jn ir. area which had undergone sulphidation for 12üh were a spinel with a = 8.24 A, NiO and 
■ L. u.v.nwn phase. A nucroprobe analyses of the depleted regions in the alloy showe8 80.3¾ Ni, 

y,' i."’ '1‘1 i .-vW, 13.7¾ Co and l.l%Ta. The relative performanœ of four s'iieralloys 
1R “lc‘ 609106 6° ^ ^ Witil 1 ^ salt in the air and in the rig for 12Qh with 6 ppn 

better toan M i130’- 00rrelati°n quite good. IN 728 NX was considerably 
ijettcr t-.an Alloy 713l and PDRL 163; slightly worse than 21 D4. 1 

figure 13. Í shews the corrosion as a function of terperature of IN 728 X tested usirxj JP-4 

K^.rn1^ f Y1 Üle atr‘ Flgure 13,4 " JP_4' 4 PP1" salt- Figure 13.5 - JP-4R, 8 ppn salt. 
• igurt . .. j ..:-4R, 4 H,r salt. Figure 13.7 - JP-5; 8 ppm salt. Figure 13.8 shows the corrosion , . -- . _ rt-. —.w. Figure 13.8 shows the corrosion as a 
function of temperature using JP-4 fuel with 4 ppm salt, for 120, 240 and 360h tests. Figure 13.9 shows 

la for heat-treated IN 728 X samples. the same data 

figure .3.1o shews a cross-section of a specimen oxidised for 36Jh at 1700°F (927°C). A needle 
pr-use develops after prolonged testing and the micrapr'ibe results for this are shown in Figure 13.11. 

Rolls-Royce (1971) ltd. 

tot corrosion data from, a snail burner rig is shown under X-40. 

Data relating to this a1 ley will also be found in the following Figures : 

1.1, 1.7, ..8, 10.1, 10.13, 36.1, 36.2, 36.3, 36.4, 36.5, 36.6, 36.7, 52.28, 52.29; 
and Tables : 
1.1, l.II, 1.17, l.V, l.VI, 1.V1I, 1.VIII, 1.IX. 
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Figure 13.1. As-cast versus heat 

treated IN-728 NX at each cyclic 

test temperature. (Ryan et al). 
Temperature-( F) 5370-38 

Figure 13.2. Comparison of the 

measured volume loss and the loss 

predicted by the regression equation 
for IN-728 NX. (Ryan et al). 
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Figure 13.3. Corrosion as a function 

of temperature for IN 728 X tested 
using JP-4 fuel with a Salt/Air 
Ratio of 8 ppm. (Walters). 

Figure 13.4. Corrosion as a function of temperature for IN728X 

tested using JP-4 fuel with a Salt/Air Ratio of 4 ppm. (Walters). 
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Figure 13.5. Corrosion as a 

function of temperature for IN 728 X 

using JP-4R fuel with a Salt/Air 

Ratio of 8 ppm. (Walters). 
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Figure 13.6 Corrosion as a 

function of temperature for IN 728 X 

using JP-4R fuel with a Salt/Air 

Ratio of 4 ppm. (Walters). 

Figure 13.7. Corrosion as a 

function of temperature for IN 728 X 

tested using JP-5 fuel (0.161.3) 

with a Salt/Air Ratio of 8 ppm. 

(Walters). 
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Figure 13.8. Corrosion as a 
function of temperature for IN 728 X 

tested using JP-4 fuel with a Salt/ 

Air Ratio of 4 ppm. (Walters). 
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Figure 13.9. Corrosion as a 
function of temperature for IN728X HT 

tested using JP-4 fuel with a Salt/ 

Air Ratio of 4 ppm. (Walters). 
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IN 738 

H.T. Quigg and K.M. Sciiinitr, Progress Heport No. 3 on NASC Contract No. NO0Ü19-68-C-O252 

(Phillips Petroleun Conpany Hesearch and Developnent 5423-69) July 1969. 

See 713C for details. This report is principally concerned in testing the ASTW "Round Kobin" 
group of alloys in the Phillips Turbine ttivironnental Simulator using a cyclic test in which the specimen 

is heated to 1600. 1800 or 2000 F (871, 982 or 1093°C) maximum temperature for 8 nun followed by 
a cooling to 1000ÓF (538°C) for 2 min, producing an attack approximately six times more severe tljan the 

isothemul routine used in the earlier tests. After 44h at 2000 F max, IN 738 had lost 97 mg/an , 
the surface loss was 15 mils and the maxim:'.i attack 16 mils. The alloy was the second best of those 

tested, better than Mar-M 43' ljut not as good as U 500. It was estimated that it would take 55h for 

the specimen to lose 127 mg/an . 

The data are presented in tables and graphs (see 713C). 

ASTO Hound ¡-thin Test organised by the Hot Corrosion Task Foroe of the Gas Turbine Panel, 1970. 

See 713C for details. IN 738 was one of the best two alloys tested, the other being U-500. Figure 

14.1 shows the ¡retal loss reported by the participants. 

H.T. (juigg, R.M. Schimer and L. bagnetto, Final Report to NASC on Contract No. .400019-69-0-0221 

(Phillips Petroleum Conpany Research and Development Report 5732-70) July 1970. 

See 713C for details. 

S.Y. bee and W.E. Young in Combustion and Heat Transfer in Gas Turbine Systems; Cranfield Syrposium No. 11 

E.R. Norster (ed.) 'Pergamon, 'Tcford 1971) 253. 

See 713C for details. In 150h tests at 1800 F (982UC) for 738X the rate is approximate.y 
three times faster at 3 atm pressure than at 1 atm. U-500 and X-45 behave similarly; 713C is the same 

at the lower pressure, but the rate only doubles at the higher pressure. 

(982°C) 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to Naval Air Systems Conmand on Contract 
!'i0üül9-7O“C-0293 (Phillips Petroleum Conpany Kesearch and Developrcint Report 5903-71) Jan. 1971. 

See 713C for details. Figure 14.2 shews sections of a specimen after 6Qh in ' 00 F (1093 C) 

cyclic test with 1.0 ppr; salt in the air and 0.0040 wt % S in the fuel, after eler cleaning. Figure 

14.3 shows a section of a specimen similarly tested with 0.0004 wt i S fuel. 

E. Erdfts, in "Deposition and Corrosion in Gas Turbines", A.B. Hart and A.J.B. Cutler (eds.) (Applied 

Science Publishers, London, 1973) 115. 

See 713C for details. Figure 14.4 shews the sulphide phases in IN 738 preoxidised in air for 
24h and sulphidised in S, vapour for 16h at 850 C, and Figure 14.5 displays the scanning analyses with 

the microprobe (dark means high concentration). Four different sulphides are visible; Ni,S2 (matrix), 
Cr-Ti-S !Cr 3,) globular, Cr-Al-S blocky, and (Ta,Nb)S2 platelets. In addition, a trace 6f a carbide WC 

is detectable. 

A.J.B. Cutler and C.J. Grant, in "Déposition and Corrosion in Gas Turbines",A.B. Hart and A.J.B. Cutler 

(eds.) (Applied Science Publishers, London, 1973) 178. 

This paper reports experiments using an electrochemical method in which the corrosion current is 

determined fron an analysis of the current potential function obtained when a transient perturbation 

is applied to the potential of the electrode. The corrosion rates of several superalloys - IN 738, 

Nironic 90, Nironic 105, Nironic 115, Stellite 7, Stellite 8, and Xt40 - in the ternary Li/Na/K eutectic 

sulphate melt at 1000ÖK. (727°C) under 1 atm oxygen and 3.23 x 10 atm SO,. Figure 14.6 shews the 

corrosion data. IN 738 corrodes quite rapidly for 7 - 8 hours, but then thé rate dreps abruptly to a 
ver’ slew value. Ninomc 90 is worst, Mimonic 115 next, then Nironic 105; the cobalt alloys are just a 

little better than 105, but not quite as good as 738. Figure 14.7 shews repeat determinations for 

IN 738, showing that the drop in corrosion rate after a few hours is reproducible. 

The sulphide concentration in the corrosion pits was appreciably greater than in the regions 

protected by the thin oxide layer. 

P.L. Norman and J.D. Harston, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 

(eds.) (Applied Science Publishers, London, 1973) 260. 

See Nironic 80A for details. Figure 14.8 shows the hot-oorrosion of various nickel-base alloys 

in a salt-spray test at 700ÖC using 75% Na SO., 25% NaCl spray, in terms of the weight loss after 
descaling. IN 738 does rot show up very ’well, being with Nironic 105, the worst alloy at least up to 
looh, and much worse than Mar M 432 or Nimonic 90. Figure 14.9 slwws similar data for a test temperature 

of 80O°C. 738 is about the same as Nironic 105 up to 50h, but at this time Nimonic 105 undergoes a 
great acceleration in rate; 738 shews no signs of an increase up to 100h. 713g and Nironic 90 were 

roch worse, Mar-M 432 was again better. Figure 14.10 shews the results at 900 C: 738 was new 
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appreciably better th.in Ninunie 90 or 105, >>nd a little better tiian (■lar M 432. 

J.i'.G. Coruie .md G.C. Booth, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.) (Afjplied Science Publishers, Urndun, 1973) 278. 

See Nrrunic 105 for details. Tests in the AML l<jw pressure rig are described. At 850°C, 
0. i ppm salt, 200h tests, IN 738 was Uil 'worst jt a gitiu^j of four alloys, the otner three in increasing 
order of resistance being Mar-M 432, Niitcnic 90 and Ninonic 105. However, pack-almiinised 738 was 
very good. 

C.J. Spengler, S.Y. Lev and W.L. Young, in "Deposition and Corrosion in Gas Turbines" A.B. liait and 
A.J.B. Cutler (eds.) (Applied Sc1 .,œ Publishers, London 1973) 294. 

See U 500 for details. Seme tests include IN 738 X, mostly reported in earlier papers. 

P.C. Felix in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) (Applied 
Sei- nee Publishers, London 1973) 331. 

See 713C. 

K. Page and R.J. Taylor, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) 
(Applied Science Pubiistiers, lonoun 1973) 350. 

See Nironic 105 for details. IN 738 is being evaluated as primary candidate os a blade material 
for Rclls-Hoyoc industrial ar.d marine turbines. 

W.L. Wheatfali, in "High Tenperaturc C: erosion of Aerospace /dloys" J. Stringer, R.l. Jaffee and 
T.F. Keurru (eds.), A.lAK Conference Proceedings fio. 120 (March 1973) 235. 

See .:: let. Fi jure 14... ah ws the relative hot corrosion resistance of 738, U 500, 
Mar-M ï md X 4 md 140C , 1500 and 1600°? (76o, 816, 871°C) in 300h tests with 35 pjrt sea salt in the 
air, JP-5R £ jei witii . lata is taken from M. Gell, unpublished data frai. Pratt and Whitney. 

L.M. Maas .<nd C.L. Miller, 72-GT-77, presented to the Gas Turbine and Fluids Lngineering Conference 
and Products March 1 

See 713C foi details. 

1.1. Lessen and r.l. i ryxt.., General i lectric Technical Information Heport K72 AUG 317, (Nov. 1972), 
paper presented it tie Tartir.e M.iterials Conference Naval Ship Fngineering Center, Oct. 1972. 

See Hene 8. for details. 

w.L. Wheatfali, S.J. Lap.-’.urui.'. and J. Mydavar, Naval Ship Research and Development Center, Materials 
Department, Research md Development Report 8 - 868 (August 1971). 

Sarples of this ali y arni of Mar-M 432 were oxidised in flowing oxygen for 210h at 1650°F (899°C) 
md 235h at 1750"!' (954 C). i<esults wore oenpared with similar tests run on U 500. Tiie extent of oxidation 

was measured in terms of xido tiiickness, jeneral penetration, and maximum depth of oxide penetration. 
For IN 738 the results wore :- 

Surface oxide. General penetration. Maximum penetration 
(all mils) 

2l0h at 899°C. 0.7 1.1 1.9 
235h at 954°C. 1.5 2.5 4.2 

U 500 was the nest deeply oxidised alloy at 899°C, but had the lowest depth of attack at 
954°C. The oxide scale on U 500 at 899°C was twice as thick as those on IN 738 and Mar M 432, Surface 
scales on L' 500 were rough and uneven at both temperatures. At 899°C, IN 738 showed a slightly greater 
penetration than Mir-M 432. Grain boundary penetration of IN 738 was quite extensive at 954 C. 
Mar-M 432 was more resistant to oxidation than IN 738 at both temperatures. Sufaoe scales were uniform 
on Mar-M 432, but fairly uneven on IN 738. 

J.F.G. Conde Gas Turbine Materials Conference Proceedings, Naval Air systems Cunrond, Washington (1972) 17. 

Figure 14.12 shows a section of a pack aluminised IN 738 test specimen after 200h, 750°C, 1.0 ppm 
sea salt, in AML Lrw Pressure ambustión test rig. 

Data relating to this alloy will also be found in the following Figures : 
10.51, 10.53, 10.54, 10.83, 10.84, 10.92, 10.100, 10.120, 32.17, 32.18, 32.19, 32.20, 45.33, 45.35, 45.37; 
and Tables : 
10X1, loxv, lOXVI, lOXXII, lOXXIII, lOXXIV, lOXXV, lOXXVI, lOXXlX, 32-1, 39-1. 
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• AKCLITT MOUNT

ftU^rACC ATTACK
(lOOM)

•A»C ALLOY

df-' ^autial oxidation or 
OCPLXTVD DUPPACt ALLOY 
(^oox)

i
■■'. *'?,■:'' •>-

ita.. ' ‘‘.V. * ^ 'X'#*•

light SULPIOC PCnCTPATIOS 
LCAOING OXIOATIVC attack 

<200<^X)

V
inai^ .V

MtTALLOr.PAPMI^ T lOS 0» s»f. |M»-. »«>•• T ' f 'I*
TUPOINt SIMULA TOM ^i'mi.OPPMIjLASAI’ISAIMA D 1^4 A 7 «
CLC'^“'>*ClCA‘.CO. ICS OKA I K AC lf>-f iJ > TMOl V Tl' I T ' Mf O .

Figure 14.3. Hot corrosion of bare 
lH-739 specloen after 60 hours 
(very low sulphur fuel) (Qulgg et 
al).

I ST IS -

si»i r\ip IS » I I

Figure 14.4. IN 738 preoxldlaed 
l«h/8SO°C/S2 (Ere os).
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Figure 14.5. riectron Dlcroprube 
pictures of IN 738 oxidised In air 
for 24r and sulphidised in S2 
vapour for 16h at HSO^C. Dark 
Bteans high concentration. (Frdos).

) 0
»000

c Ob

o

z

« 0 I
oc
3
u

I
o
a

0 01

O NIMONIC 90 
A NtHONIC HS 
e NIHONIC JOS

• IN 7U

O •<.

O o

JO

■ x-«
X stellite I
A STELLITE!

o

>a f 
“X-X.

NIHONIC 90

NIHONIC IIS

NIHONIC 103 
X«0
STtLLtTI 1 
STELLITt I
IN7M

TIHE h

Figure 14.6. Corrosion data for gas 
turbine alloys In molten sulphate 
at 1000 K. (Cutler and Grant).
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Figure 14.7. Corroelon data tor 

IN 738 In molten sulphate at 
1000 K. (Cutler and Grant). 

Figure 14.8. Hot corroalon of 
varloua Nl-baae gaa-turblne alloya 

In 78% Na2S04-28% NaCl at 700°C. 
(Norman and Haraton). 

Figure 14.B. Hot corroalon of 

varloua Nl-baae gaa-turblne alloya 
in 78% NagSOg + 28% NaC) at 800°C. 
(Noramn and Haraton). 

, 
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Figure 14.10. Hot ct»rruHion of 
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(\oriran and Harfstor) .

Figure 14.11. Relative hot- 
corroBion resistance of nickel^ 
and cobalt-base superalloys as a 
function of temperature. 
(Wheatfall, quoting Cell).

f
|T^4

r
A

Figure 14.12. Park-alumlnlsed 
IS 738 test specinen after 200 h. 
750°C. 1.0 ppn seasalt, in AML 
Low Pressure combustion test rig. 
X 375. tConde).
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Inoo 750, Inco 751, K 2. 

Inco 750 

R. Vlswanatltan, Corrosion 24 .1968) 359. 
2 

See 713C for details. Weight loss after descaling, 7.0 mg/an ; 95.4% of metal unaffected, 
after 150h test at 150CTF (816°C). Ccnparable to Inoo 751, not quite as good as 718, Hastelloy X. 

Inco 751 

R. Viswanathan, Corrosion 24 (1968) 359. 

See 713C for details. Weight loss after descaling after 10h test at 1500°F, 0.6 mg/an . 
After 150h, 27.5 inj/at . 88.2% of metal unaffected. Moderate resistance, similar to that of 750, 718. 
Not as good as Hastelloy X. 

K 2 

P.A. Bergran, Corrosion 23 (1967) /2. 

See SIX for a surrary of the method and the results. At 982 C the rate in 50h tests with 200 pçm 
salt is about the sane as SEL and 713; at 1020°C the resistance is better than the other two alloys. 
In spite of its high chromium content K2 was subject to deep intergranular attack. 

Date relating to this alloy will also be found in Figure 41.2. 

. 



P.A. Herqiiun, Corrosion 2i (1967) 72. 

Sgt? SIX for a suimury of Uie nethixl .«1 ».to of tlie general results. 1.605 was sewreiy oorrodtd 
at lo2o C in btth with 2iX) pfni salt in air. 0.25¾ S in tlx? fuel. The alloy was subject to deep 
intergranular attack. 

H. von K. Ox-ring and P.A. Bergman, Naval Shif' Hesearch and UevolorTOnt Center Materials Laboratory 
Hese.ircii and Develotront Keport No. 2844 (Mardi 1969). 

See 71X' for details. In a lOJh test at 1750°F (955°C) with 200 ppn salt tlx? surface loss was 
.o. . rubs and tlie maximum [jerx'tration was 27.8 mils: this was fairly similar to SEL, and a little better 
than SM-200. In a lUXJh test witli 5 ppri salt Ux? figures were 5.5 and 15.3 mils respectively, better 
than I 500, not quite as good as X-4o. The authors regard the low salt, long tine test as better 
related to the real situation. 

J.R. Johnston and K.L. /»slibrook, NASA Technical Note TN D-5376 (August 1969). 

See B 1900 for de-tails and the general figures and tables. Tlx- oxides were identified by 
X-rav diffragtion on specimens exposed to high gas-velocity testing for 100h: at 180OOK (982°C) and at 
190JT (1038 C) they were a monoxide (presumably CoO) and a spinel with ao = 8.30.8. 

p.l. Wlodek, Paper presented at tlie Atlantic City Meeting of the Electrochemical Society, October 1970. 

C’ntinuous weight-gain measurcrxjnts in dry flowing air on sheet specimens 1.5 in x 0.4 in x 63 mil. 
Intemax oxidation measurtronts were obtained on 1 in x 0.5 in diameter cylinders, static exposure followed 
by metallographic examination. Hie alloy was in tlx? mill .annealed condition (2225°F, 1218ÖC). All 
sjÄcireriS were mechanically abraded through 600 piper and electropolished. 

tigure 18.1 shewg the weight gain versus time for tenperatures between 1400 and 2200°F (760 - 12o4°C). 
After 1000 run at 1700 F or 10 - 100 nun at higher tenperatures the rate was more or less parabolic, 
ligure .6.2 shews parabolic plots and Figure 18.3 shews an Arrhenius plot of tlie rate constants: the 
activation energy was approximately 42 + 10 kcal/mole; a second parabolic rate at 2000®F and above 
having an activation energy of 50 + 14 kcal/mole. Table 18-1 lists the rate constants. 

o VGr5 -localised attack were noted at 220u F (1204 JC). The scale on specimens tested above 
1700 I cracked and exfoliated, usually along the metal/oxide interface. 

Metallographic evidence slowed that the erratic results obtained at or below 1600°F (871°C) could 
be associated with extrene 1y heterogeneous scale distribution. 

The internal oxidation of a specimen oxidised 100h at 1800°F (982°C) is shown in Fig. 18.4. The 
-x.dco are mainly associated with grain boundaries. The internal oxidation process was very heterogeneous 
and erratic. ligure 18.5 shews the relative penetration of specimens oxidised at 1600, 1800 and 200u F 
(87x, 982 and 1093 C) for 400h, and at 2200°F (12o4 C) for 100h. 

figure 18.6 shew:; the general catastrophic attack of a specimen after lOQh at 2200°F (1204°C). 
>\ .f_w-i Biting priant phase appears to have been produced: it is suggested that this is a mixture of 
CoCr_0. ♦ CoMO, and Co-0.. 2 4 4 3 4 

Table 18.11 sumarises the oxidation pretlucts identified by X-ray and electron diffraction: the 
predominant oxide in most cases was CoCr-O. (a in the range 8.27 - 8.35 8). At 2200°F CoWO. was also 
detected in regions of catastrcphic attack. Ctwas present in most specimens in snail amounts. 

Chati cal analysis of the oxide formed in the catastrophic oxidation showed that it contained 38% 
Co, 14« Cr, 12t W, 7.5« Ni, 1.5« Fe, 1« Mn, 0.5% Si and traces of other elements. 

Ihe internal oxides^were identifiai Ijy extraction techniques, and the results are sunmarised in Table 
18.III. At 1600 and 18a? F, the principal product was probably amorphous SiO,, with sore CoCrJJ.; 
at 2000 and 2200°F, the products were a - cristobalite and Cr^. 2 2 4 

Microprobe traverses over specimens oxidised for 400h at 1600F and 1800F respectively indicate that 
the scale is more involved than implied by the X-ray diffraction results. On both specimens the scale 
•was found to oonsigt of two definite layers, with the outer layer possessing a concentration of sere 
j - 15% Mn at 1600 F and 10 - 25% Mn at 1800 F: it seemed that the scale on the 16CCrF specimen had an 
outer scale of the CofCr.MnUj. type and an inner scale of CoCr,0.. At ISCXTF the inner scale was 
Cr203, the outer probably (C5NÏ) (CoCrfti)^. 2 4 

The author considers that the activation energy suggests that the rate controlling process is diffusion 
through a spinel layer. Figure 18-7 presents a schematic sunmary of the oxidation process, and Table 
18-™ compares the behaviour of X-40 and L605 with the nickel-base alloys Rene 41, U 700 and Hastelloy X. 

W.L. Wheatfall, in "High Torporature Corrosion of Aerospace Alloys". J. Stringer, R.I. Jaffee and 
T.F. Kearns (eds.), AGARD Conference Proceedings No.120, (March 1973) 235. 

See 713C for details. 
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C.E. Lcwell and D.L. Deadnore, Oxid. Metals, 7 (1973) 55. 

G D sSS^dit°NASA ('S* fncrease" íorneà durin9 oxidation of L 605 by J.S. Wblf and 

^ SÄ I^ell and Deadnore renark that other authors have attributed this accelirition in ^ 

r« îg.r “ÂÂSÂÂS sä wlth 
r iri sää“*1“- but with the defomition introduced by the grinding as indicated by X-ray line braute^ 

afterw^S? ^ ^ ^ OXÍde f0nted bef°re break^y, while CoO, CoCr204, CoW 04 were also present 

the s^Tœ Cr¿3 is foniEd ocnpttífasive stress, and blisters fren 
Volatilisation of the oxide as CrO. causes greater thinning of the oxide where it i« 

Z Si ^S’at ^Uld Se Va*** Sis^eSSÆ^t be a 
¿letedSt^l. ^oSS^rSdlv fh®3' direct acoess of oxidant to the chronivn 
Cr^SrZui;, SdSsTiÂritÎoï °ff ^ ^ *2°)' Si is to prenote 

Data relating to 
1.9, 1.10, ).13, 
at. ' rabies : 
10 III, 10-XXX. 

this alloy will also be found in the following Figures : 
10.105, 41.2, 52.12; ^ 
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Kp ‘ 4 80 X 10*3 (t > 400) 
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Kp2 
kl 

B Kp, 
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KL 

9.90 X 10*4 (2500*. t >200) 

7.06 X 10*4 (t > 2500) 

7.42 X 10*4 (2300«. t >200) 
5.68 X 10*4 (t > 2300) 

1.79 X 10*3 (2000<r t > 200) 
1.54 X 10*3 (t> 2000) 

i 87 X 10*3 (1000c t >100) 

2.54 X 10'3 (2000< t >1000) 
9.70 X 10*2 (t * 2000) 

3 23 X 10*3 (800 et >200) 
2.60 X 10*3 (2200e t>800) 

9.0 X IO*3 (t > 2200) 

Kp m*2/c«4/»ln. , K^ = m/cx2/Bln 

Flsurcs in brockets Indicóte time Intervol In minutes during »hieb 
each rote lo operative 

TAM.1. iS-Il 

T Ri-Aci. HivTAi i:. i'HUjiciT iu::i'HTKii :. l-ovS (wuaiK) 

Exprjsure 
Temp 
•f Hr. 

i 

1600 

16.2Ü 
1600 

0.i7 

1 U 
53.0 

100 0 

400 0 

1800*• 

1M00 
1800 

1800 

0 17 

1.0 

100.0 

400.0 

2000 

2000 

2000 

0.17 

1.0 
400 

2200 100 

Phases Identified 

CoO ♦ Co CT204# 
CoO («o = 4.2 7A) %Cr203 
CoCr204 (»0 8.32J) ♦ Cr203 ♦ CoO (t^ace) 
CoCr^ («^ 8 27J) ♦ CoO (a,, * 4.2»A) ♦ Cr20< 
CoCr204 (a0 - 8.30A) ♦ Cr2Ü3 

Cr2°3 4 Co° (ao j 24A) 4 CoCr204 (a„ ^ 8 41) 
CoCr204 (»o’ 8.* Cr2°3 (trar») 
CoCr204 (ao ' 8.29£) ♦ Cr203 (trara) 
CoCr204 (a,, = 8.29A) ♦ Cr203 

Cr203 ♦ CoCr204 (Oo * 8.42¾) 
CoCr204 (0o * 8.30») ♦ Cr203 (troce) 
CoCr204 <Ao B.33X) ♦ Cr203 

CoCr204 (Oo = 8.35X) • Cr203 ♦ CoO (0« 4.24¾) 

»Ith 00304 (Oo > 8.16¾) ond C0HO4 In oreos ol 

catastrophic attack. 

•electron Diffraction on electrolytlcally otrlpped film 

••X-ray diffraction fila pattern on electrolytlcally stripped fila 

Order of listing at each exposure condition signifies abundance of phases. 
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tahu: 18-in 

SLUSCAü: KLAL’l'lON PliHXJCTS (WUJÜty) 

Ixpoiur« 
Cond mon 

Tonp Tim 
Alloy *r Hr. 

L-605 1600 400 

L-605* 1600 400 

L-605 2000 100 

L-605» 2000 400 

Mim»» idniuflod 

SiOj (T) naorph. » CoCr^J» 

SlO (T) aaorpti. * CoCPpQf * dr-crlatoballt« (tr) 

<r-crl»tobalit» * CrjOs 

o-crlatobal1t» « CrpOj 

*-40«» 

X-40*» 

1000 400 Crpoa * O-crlatoballt» 

2000 400 a-crlatobalit» » CrpOj 

•Idontlttad by »atractlon rnpltca and »lactron diffraction u »oll m a-ray 
diffraction on firat 2-3 alia of aubacalo roalduo. 

»Idontifiad only by a-ray diffraction aatractlon roalduo obtalaad oa firat 
2-3 ailaa of aubacalo aona. 

*11 other» »lactron diffraction on oatractlon replica only. 

TAHLl. ia-IV 

CtJMPARISON UF 'Hih OXIIVi'!!^ liULWIOR OF COB.'iLT ATÆ) NXCKLL-BASL ALUJYS (WUCO0 

ixl ley 

X-40 

L-60S 

Rene 41 

Udinet 700 

Hastelloy X 

I6oo0r_ 
100 Hr. 

1.0. 
*Kp Mils/side 

0.5 

18U0CF_ 
loo Hr. 

1.0. 
*K|. Hils/slde 

1.5 

2000 t_ 
IfX) Hr. 

1.0. 
*Kp Mlls/side 

3.1 

2200°F 
100 Hr. 

X.O. 
*Kp Mils/slde 

3.7 

2.8 X 10 

1.0 X 10-4 

4.6 X 10-6 

*Kp 

1.0. 

0.6 2.3 X 10 

0.6 1.7 X 10-3 

0.0 4.6 X lo"4 

0.0 4.9 X 10-6 

2 4 
= mg /an /min 

= depth of internal 

1.3 

1.2 

0.1 

1.2 

oxidation 

6.4 X lo"4 2.0 

1.28 X 10-2 2.5 

4.6 X 10-2 1.2 

1.5 X 10-5 3.0 

2.6 X 10-3 3.9 

7.6 X 10 



Figure 18.1. Log-log plot of 

»eight gain data for L-605 (Heat A). 

Note irreproducible, mixed kinetics 

below 1700°F, parabolic behaviour 

(slope = J) noo to 2200°F and 
beginning of linear rate (slope = 

1) after prolonged exposure at 
2200°F. (Wlodek). 
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Figure 18.2. Parabolic scaling 

kinetics for Heats A and R of L-605. 

Note occurrence of two parabolic rates 
at 2000°F and above. (Wlodek). 

Figure 18.3. Arrhenius plot of L605 

rate constants. An activation energy 
of about 42 ♦ S.4 kcal/mole can be 
assigned to the first and 50 ♦ 14 
kcal/mole to the second parabolic 
rate. (Wlodek). 
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Figure 18.7. Schematic summary of 
1-605 oxidation process. Three 

definite regions: 71 mixed oxidation 

kinetics, 72 parabolic oxidation, 
73 linear oxidation due to liquid 

reaction products, can be identified. 

In each region the reaction processes 

are presented as a quotient with the 
surface scale products in the 

numerator and the subscale products 

in the denominator. I'se of formulae 

to identify reaction products not to 

be taken to indicate that phases are 

pure or stoichiometric. (Wlodek). 



Mar-M 200 

:(.9 

L.D. Graham, J.D. Gadd and R.J. üuigg, Hot Corrosion Problems Associated with Gas Turbines, Ai'IM Special 

Ttechnical Publication, SIP 421, 1967, 105. 

See 713C for details. MAR-M 200 was one of the worst alloys tested, only marginally different 

fron B 1900, TRW 1900 and MAR-M 302. Ihe directionally solidified alloy is virtually the same as the 
randomly solidified. Graph of attack vs. taiperature (Fig. 19.1) increases to 1900 F, then abruptly falls, 

increases again to 2100F. A photomicrograph of corroded sanple is shown in Figure 19.2. Major scale 
'products were NiO, Ki,S^, unreacted Ni (text does not mention specific alloy for this, nip lies that all 

heavily corroded alloys^are tlie same). 

_J.J. Walters (AUXi/Lyooming Division) Technical Report to the Air Force Materials Laboratory, 

Wright-Patterson Air Force Base AFML-TR-67-297 (Septanber 1967). 

Extended sumary in B 1900. Mir.M. 200 is listed as one of a group of alloys with very poor 

resistance to attack (the others are B 1900, B1910 and IN 100). X-ray analysis of corrosion products 
found on the trailing edge after 40h of rig testing identified NiO, a spinel with a = 8.26 A, and a 

trace of NiWD.. After 120h an unJuxwn phase with d-spacings 2.11, 2.63, 1.93 and 1/86 A was also present. 

In powder removed from an area 'which had undergone sulphidation corrosion for 12th, NiO, a spinel with 
a = 8.27 A, and NiWO. were present. The microprobe analysis of the depletion zone in Mir-M 200 was 

88.5» Ni, 0.5* Cr, 1.9* Al, O* Ti, 0*Nb, 7.81 W and 10.8* Co. 

Figure 19.3 shows the corrosion as a function of teiiperature using JP-4 fuel, 8 ppm salt. Figure 

19.4 - JP-4, 4 ppm salt. Figure 19.5 - JP-4R, 8 ppm salt. Figure 19.6 - JP-4R, 4 ppm salt. Figure 19.7 

- JP-5 fuel, 8 ppm salt. 

H.T. Quigg and R.M. Schirmer Final Surrmary Report on NASC Contract N00019-C-67-0275. Phillips 
Petroleim Ccrpany Research Division Report 5058-68R (May 1968). 

This report 'j concerned with hot corrosion of coated 713C and Mar-M-200. Although sane details 

are given of unorated 713C, there is nothing on uncoated Mar-M-200. See 713C for details. 

J.R. Johnston and R.L. Ashbrook NASA Technical Note TN D-5376 August 1969. 

See B 1900 for details, and the principal figures. In high velocity tests at 1093°C Mar-M 200 

lost 10 ng/ari in 50h, ranking second to IN-100. In the static test at the same terperature it lost 
0.9 ng/an in 50h, the best of the 7 alloys tested. The equiaxed alloy had poor thermal fatigue 

resistance, but the directionally solidified and single crystal alloy were excellent. The oxides 

on materials exposed to high gas-velocity testing were determined by X-ray diffractions (982°C), Cr-0. 

and a spinel with a = 8.15 A were detected; at 1900oF (1038°C) the sate; at 2000°F (1093°C) a 1 i 
monoxide (NiO) and the same spinel. 

Figure 19.8 ocupares the oxidation behaviour of the three microstructures: the equiaxed showed the 
ara liest weight loss. 

The average weight loss of the alloy after lOQh at 1093°C was ISOQug; tills is worse than Hastelloy 
X and X-40, but better than Mar-M 509A. 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to NASC on Contract No. N00019 (Phillip® Petroleum 
Ccrpany: Research and Developmnt Report 5732-70) July 1970. 

See 713C for details. 

P.E. Hamilton, K.H. fyan and E.S. Nichols, Hot Corrosion Probetas Associated with Gas Turbines, ASTM Special 
Technical Publication SIP 421, 1967, 188. 

See 713C for details. The results of test stand engine testing, with and without salt injection, are 

shewn. Without salt, Mar-M 200 is worse than TW 1900, and about the same as 713C. With salt, it is worse 
than 713C, about the same as B 1900, better than TRV 1900. 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to Naval Air Systems Contend on Contract N00019-70, 

C-0293 (Phillip® Petroleim Ccrpany Research and Development Report 5903-71) Jan. 1971. 

See 713C for details. 

W.L. Vheatfall, in "High Tanperature Corrosion of Aerospace Alloys" J. Stringer, R.I. Jaffee and T.F. Kearns 
(eds.), AGARD Conference Proceedings No. 120, (March 1973) 235. 

See 713C for details. 



P.A. Bergman, C.T. Sims and A.N. Beltran, Hot Corrosion Problems Associated with Gas Turbines} ASTM Special 
Technical Pifciication, SIP 421, 1967, 38. 

See 713C for details. Attack at 1750°F (954°C) in burner rig, 100h, 200 ppm salt is shewn. Surface 
loss about 40 mils (in diameter) maxbium penetration 80.2 mils. Worse than 713; not quite as bad as 
0-700 at this terperature. 

R.M. Schirmer and H.T. Quigg, Progress Report No. 3 for NASC Contract N0w65-o310-d; Phillips Petroleum Ccnpany 
Research Division Report 4370-66R (June 15, 1966). w 

See 713C for details. Figure 19.9 shows the effect of fuel sulphur, sea salt in air, and gas 
tenpe rature on ¡retal loss (after descaling). SM-200 seems to be relatively heavily attacked, v»rse than IN 
100 or 713C. The metal durability in terms of penetration fron cross-sectional area is the worse of the 
alloys studied (others are Inco 713C, U-500, IN-100, and WI-52). 

A significant effect for sulphur content was fomd at low tenperatures but not at high tenperatures. 
Increasing torperature fron 1400° to 1600°F significantly increased the attack with 10 ppm salt, but had Q 
little effect at lower salt concentrations. In most cases, increasing the temperature fron 2000 to 2200 F 
increased metal weight loss in all salt concentrations. 1.0 ppm sea salt produces little increase in attack 
at either 1400 or 1600°F. Reducing fuel sulphur frem 0.40 to 0.04 wt % reduced the metal weight loss at lew 
temperatures; there is no effect of a further reduction to 0.0002 wt %. At high temperatures, sulphur 
content seemed to have very little effect. 

Decreasing the salt fron 10 ppm tr 1 ppm reduced attack at 1600°F. Decreasing the temperature from 
1600 to 140CTF in the presence of 10.0 ppm salt decreased attack. There was no significant effect of sea 
salt at tliese températures. At higher tenperatures decreasing sea salt decreased attack in the majgrity of 
cases. Decreasing the temperature from 2200 to 2000°F decreased attack; a further decrease to 1800 F had 
less effect. Decreasing sulphur from 0.40 to 0.040 wt % did not decrease attack in any case, but in some 
cases increased it. Further decrease to 0.0002 wt % S had little effect. 

Oxidation (no salt or sulphur) is relatively severe, which the authors consider is related to its high 
tungsten content (12.2%). There is also relatively severe attack in high sulphur fuel (no salt) which the 
authors consider to be due to the low chromium content. 

Figure 19.10 shews the oxidation attack - 5h at 2200°F with no sea salt in air and 0.0002 wt % S in 
fuel. Figure 19.11 shows the heavy sulphide penetration after 5h, 1400°F, no sea salt, 0.40 wt % sulphur 
in the fuel. Figure 19.12 shows the hot corrosion after 5h at 1600°F with 10 ppm sea salt, 0.0002 wt % S 
in fuel. There is heavy sulphide penetration, followed by oxidation which appears to be "interdendritic". 
Further addition of sulihur in the fuel affected the hot corrosion very little. Figure 19.13 shews the 
attack after 5h at 1800°F with 10 ppm salt and 0.0002 wt % S in the fuel. Figure 19.14 shews the attack after 
5h at 2200 r with 10 ppm sea salt in the air arri 0.0002 wt % S in the fuel. Figure 19.15 shews the attack 
after 5h at 2200°F with 10 ppm sea salt and 0.40 wt % S. 

H.T. Oiigg and R.M. Schirmer, Progress Report No. 4 on NASC Contract NO 65-0310-d; Phillips Petroleum 
Corpjany Report 4411-66R August 1966. w 

See 713C. 

H. von E. Doering and P.A. Bergman, Naval Ship Research ana Development Centre, Materials Laboratory Research 
and Development Report No. 2844 (March 1969). 

See 713C for details. In a lOCh test at 1750°F (955°C) with 200 ppm salt the surface loss was 
14.4 mils and the maximum penetration was 44.5 mils: appreciably worse than SEL, but quite a lot better 
than 713C. In a 1000h test with 5 ppm salt the specimen was wholly destroyed - rather worse than 713C, 
comparable with IN 100 and SEL 15. 

R. Field, D.J. Fisk, H. von E. Doering, Naval Ship Research and Development Centre, Materials Laboratory 
Research and Development Report 2833 (Jan. 1969). 

See 713C. 

P.E. Hamilton, K.H. Ryan and E.S. Nichols, Hot Corrosion Problems Associated with Gas Turbines, ASTM 
Special Technical Publication SIP 421, 1967, 188. 

See 713C for details. 
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K.M. Schmier ,uid 11.T. (Jui.jy, llu 
l’ublication SW 421, 1967, 270. 

t Corrosion l’nablans Associatwl witli Gas 'mrbincs, ASTM Special Ibehnical 

.. D. ,13Lf0r detallf- P^*r ls bdsed on reports abstracted above, md describes experiments on 
, 11)1MSilÍ1clrUnri'‘nt"Ü Slmlator at temperatures in tiie range 1400 - 2200 F (760 - 12o4°C¡ ; 0.UU02, 
of SfV2nn 'AOiSf ln.JP‘J ^uel; ü» 1>u ^ lü-u PI*1 st-M salt in Uie air. Figure 19.16 shows the corrosion 
WT-92 ^ ffvf1UnCU0n ®f terverature and test condition. Sfi-200 was the wirst of the alloys tested, but 

and Iiwou were much tiie same. 

^ autJlorö presented results for the corrosion of SM-2UU at 200UOF’ using 0.U0u2tS 
dl 5 fuel, with (a) no salt injection; (b) 15 {ipn sea salt; (c) 9 ppm NaCl ; and (d) 6 prm NaOll. Hie 

Wert‘ (a¿ n 2Ï! (b) 42-7‘; (c) 43-7‘>- ^ (‘D 7he scale products for the 
nTr^rZ^l . ^4' ^ í'o(Al,Cr) O Fror, this they conclude Cat neither sulphur 
or chlorine is essential for hot air ros ion, the Important component being tiie sodiun. 

bata relating to this alloy will also be found in the following Figures : 
1-8' 1-13, 10.56, 10.66, 10.74, 10.75, 10.64, 10.105, 10.106; 

and Tables : 

o-t 1"11' 1_V' ' 1_VI1' 1-vrlII» 1-IX, 10-1, lO-VI, lO-VTII, 10-XVII, lO-XXl, 10- XXV, 10-XXVI, lO-XXX, 
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Figure 19.1. tflett of temperature 
or. the bulphldatlon behaviour of 
Kar-W 200 (Crahao et al)

4
figure 19,2. PhoioBicrograph of 
etched sample of Kar-M 200 corroded 
in 99» Nb2S04-1^ NbCI sha«^ng metal- 
scale Interface and two-phase 
inclusion In *^be scale. (Graham et 
al) .

a«
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o<— 
1400

Figure 19.3. Corrosion as a function 
of temperature for l!ar-M 200 tested 
using JP-4 fuel with a Salt/Air 
Ratio of 8 PPD- (Walters).

Figure 19.4. Corrosion as a function 
of temperature for Mar-M 200 tested 
using JP-4 fuel #lth a Salt/Alr 
Ratio of 4 ppm. (Walters).
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Matal laavaralara - » 

Figure 19.5. Corrosion as a function 

of temperature for Mar-H 200 using 
JP-4R fuel with a Salt/Air Ratio of 

8 ppm. (Walters). 

Matal tanearalara - F 

Figure 19.6. Corrosion as a function 

of temperature for Mar-M 200 using 

JP-4R fuel with a Salt/Alr Ratio of 

4 ppm. (Walters). 

Mt tal Tamparatwra • F 

Figure 19.7. Corrosion as a function 

of temperature for Mar-M 200 tested 

using JP-5 fuel (0.16%S) with a 
Salt/Alr Ratio of 8 ppm. (Walters). 
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Figure 19.8. Comparison of high-Ras- 
volocity oxidation behaviour of 

three macrostructures of Mar-M-200 
after exposure to standard cycle at 

2000 F <1093°C) maximum temperature. 
(Johnston and Ashbrook). 



r w 

1 ?5 

¿Vt 'J If» ' SSÍ'T JM'>I IV NVlKN 

9 O' 
£ U 
a ? 

IH ♦- 
3 a 
u. u ^ 

0/ u 
-« a -M 
4» E a T* 
3 0< 0) 3 

♦-! 4-< O' 

•m (ft Q TJ 
0 « O C 

•O X 
C 12 0) 

E 
«M <M kl 
w u o ■*-• 

■H £ 
a (ft (j 

• (ft w 
Íli c 0 ^ 
OJ (ft 
«-< ♦- »-H C 

-< « a> 
o ca *- ë 
»- tft a- •»- 

E U 
u a 

U. (A 



r
i * > *

L 2 
» !
Viz

T..
«. *. o
J ? ?
S i »4

? :
K •

1 8

“ rl
§ is
■ w «•
“ .5^ ■ a
0 •» -•

g Z-
; g:•o ^ •

1 Z9
^ m ■ 
3 O

(A
3 g

'T t * » S •
■ s

£ b ««
E Jr
^ m S

j

•> o
b>

5

4/0 
0 2 N

J
>- C

J!.
w ^ o
^ w o
S SS

‘ « s s

ll 
'-• £
« (A

-I
IN
lb “ <>

9 ^c I 
c

I 5
s ■;

§:
:§
3 C« «

•I C
U -M

O •*
£

:



* a
I J

r
t./s

X
■J *
► <
b. r
t .

A
!“

£ .
U M
££

«• ai c

&a
o

§- 
«■ fe

25
<0 a
! >
O •

Is
^ o

m
£ k. 
3 -• •
Ic
K

• *«
k • 
3 •

« S

■>1

ik

j! 
iH
B - ••

I*

jri
w

S
5«>
I
<r 

*. .' ..

O

:
U K 
► O
«M e

5 I

•*
A
®s
!e
ou
0 i

22 
25 S
£8l

&
IV

^ s «• ^
* a

=!i
IS
**

a? j

• s
£ .
a.
S **
• ^
3 S
':



I X

.* •

1
• %

0
A

S js

I- It 0 2

ih
tf> A 
• o V

1
Ita lA «

•I
O «

It
O ^ 

9

:Z
I; 
§5
M O

t ^
9 «•• •
ic
W «• 

•*

i:

J c*
• w
:• I« *- «/ • o
« / o
X :s ««

I • • *

. /

!?
*8:

S 8 :
X J ”>
O o <1

t.
«

J X

7 L o
n

.1
O ««

s r
M

8 Im «•

« £
ACM

Vf^
^ S 8

0

2 1 
«4 %«»

a

i;
It
U M 
*« «•
:. 
*« t
tot Cl

8iCl o 
♦* «• s
£ .
1 8
s ^
• ^
to «
9 •



W
EI

C
H

T 
L

O
S

S
.M

C
/C

M
 

SPECIMEN TEMPERATURE,F 

Figure 19.16. Hot corrosion of 
SII-200 (Schirmer and Qulgg) . 



24C 

K.H. H^’an, J.K. Kildüi^ .ixki J'.t. lluuilton (MU»» Division >f (iuniiral Motors) 'IV.Hiua.ul Itt’ixirt to 
Wriqht-l’at tersen AFU, Mi Fora- Hiten als i.ü« ratoiyJi it (August 14(.7). 

/A Jetai led sunnary of Lie pnixituri* used in tins report is given under UiKL-163. Mar-M-24fc was the 
worst >f the alloy's studied by a considerable rarjin (Uie itliers were I’DKI. 16J, IN 72b NX, 71X‘ + Cr, 
713C ♦ Cr+V, Inoo 717, 713C, Mor-V. 421, IN 10U and 1141(-235). [Ur-M 24<> held for 5Ui at 1550J1 (844^0 
arrodes nearly twra* as much as the as-cast alloy (raost 4 the otlier allays show n effect f taut treatient). 
Figure 20.1 shows the volure loss for tlie as-cast and the heat-treatwl alloy at all Us^xratures. Figure 
20.2 (xrfxures tlie riMSured volirt loss .ind tliat predicted fry the regression equation. Hie micros tract, uro 
of all the alloy's can lx> described in terns of three zones: (1) .in outer layer f cant mucus oxide on ttic 
surface which gradually graded into an area of mixed rxt.d .ind oxide» '2) a layer f depleted retal; 
and (3) globular sulphide {jurticles. No pictures are siiown J Mu-M 24(>. 

Y.S. ‘tore and A.K. Stetson, Final Hep rt on NASC Contrast No. 11JU<14-68-0-0532 (Solar Hesearch Division 
Hepcrt HDH 1626-5) Deoaiber !97u. 

See B 19CW Jor details. Figure 20.3 shows the nu crus tract ure of tlie attack on uncoated Ma-M 246 
after 20h at 1650 F; the corrosion resistance was extrerely poor, ranking with B 19UU, IN 1 Xj and Shh 15; 
inch worse than 713C. 

Table 20-1 and 20-11 give tlie cumlative wight change during the tests. 

H.T. (Juigg, H.M. Schimer and L. Bagnetto, Final Keport to NASC on Contract No. NUU019-69-C-O221 
(Piiiliips Petroleum Catçany Hesearch and Develqirent Report 5732-70) July 1970. 

See 713C for details. Figure 20.4 shows a speci. en of .'■«ir-Y 246 tested for 15h in a 20001 ( 1093°C) 
cyclic test with 1.0 ppn salt In the air and 0.04 wt i 'in tlie fuel. Figure 20.5 shows a speciren 
subjected to a similar test with G.0004t S in the fuel. 

H.T. Uuigg, H.M. Schimer and L. Bagnetto, Final Import to Naval Air Systerre Cunriand ai Contract Ibo- 
019-7O-C-O293 (Phillips Petroleum Ccrpany Research and Developrent Report 59o3-71) January 1971. 

See 713C for details. Figure 20.6 shows the general appearance of crosssecticn of uncoated specimens 
corroded for 15h with 0.0040¾ and 0.0004¾ S in tlie fuel; MJC-1 coated specimens corroded for 80h with 
the same two fuels (in tlie fagher sulphur content there is extrañe local attack); and ÆC-9 coated 
speeb-ens corroded 11th in the sane two fuels; (there is extreme local attack, particularly with tie 
high sulphur content). Figure 20.7 shows a detail of a section of the uncoated specimen after 15h with 
the low sulphur fuel. Figure 20.8 shows a detail of the section of an uncoated specimen after 15h with 
the higher silphur fuel. Under all circumstances uncoated MareM 246 was worse than unooated B 19<Jû. 

P.C. Felix in 'Deposition and Corrosion in Gas Turbines", A.B. Hurt and A.J.B. Cutler (eds.) (Applied 
Science Publishers, London, 1973) 331. 

See 713C for details. 

H. Huff and F. Schreiber, Werkstoffe and Korrosion 5. (1972) 370. 

See 713C for details. The paper describes experlunts in a combustor rig which allowed the specimgn 
to be sirmltaneously stressed. Most tests 'were conducted at 900 C, but seme 'were in the range 850 - 980 C. 
Figure 20.9 shows the influence of tlie corrosion conditions on tlie time to rupture at stresses in the range 
12 - 35 kp/nri . The conditions were: air, oonbusticn gases, oerbustiun gases with 31 ppr. synthetic sea 
salt. Figure 20.10 shows the influence of salt concrntraticn in the range 0.085 - 36 ppm on the time to 
rupture at a stress of 210 N/nrf at 900 C. Figure 20.11 shows the influence of torpe rature on the time to 
rupture at a stress of 210 N/rrr in vur lous » a tnospi ie res^, Figure 20.12 shows the creep extension as a 
function of time under a stress of 210 N/iuti and at 900°C, in air, ambustión gases, and ambustión gases 
with salt at 0.085, 0.85 and 31 ppm. Figure 20.13 shows the local and overall corrosion rate at 900 C as 
a function of stress in ambustión gases with and without salt. 

The lOCh rupjture strength at 900°C was 350 N / nrn^ in air, 300 N/nm^ in oerbustion gases without 
salt, arxl 180 N/rcri with 30 ppm sea salt. 

L.M. Maas and C.L. Miller, ASME paper No. 72-01-77, presented at the Gas Turbine and Fluids Engineering 
Conference and Products Show, March 1972. 

See 713C for details. 

Data relating to this alloy will also be found in the following Figures : 
10.51, 10.84, 10.92, 10.99, 10.123, 10.124, 36.1, 36.2, 36.3, 36.4, 36.5, 36.6, 36.7, 
and Tables : 
1-X, 10-XVII, 10-XXV, 10-XXVI, 10-XXIX. 



TAHU-: JO-1 

ifti'Kijn’ aimí: ücking hutmxirbusiun tlstj (Mtjura. and stltscjh) 

IbSu F MAXLMUM 'IT^ST TLMi’KRAUJHt: 

35 ppri SLA SALT 

MAR-M-246 ALLOY 

Exposure 
Time 

(Hours) 

Cumulative Weight Change (mg) 
Specimen Number ~ 

MAI MA2 MGl MG2 MJ1 MJ3 Ml M2 

20 

30 

40 
60 
80 
90 

100 
120 
140 
150 

+ 3.8 

+ 4.5 

+ 4.5 

+ 7.5 

+ 6.4 

+ 3.5 

+ 5. 2 

+ 5.8 

+ 6.7 

+ 8.2 

-18.3 

- 7.8 

-24.4 

-65.9 

- 

+ 4.8 

+ 9.5 

+ 23.3 
+ 15.6 

+ 14.4 
+ 16.7 

+ 22.1 
+ 23.8 

+ 5.3 

+ 9.1 
f 19.4 
+ 18.4 

+ 19.7 
+ 24.6 
+ 26.0 

+ 28.0 

-16.1 -65.9 

Note: - denotes weight loss 

TABLE 20-11 

WLIQfr Ql/JJCi: DURING Har-LX)KHASK:K TEST’S (MJORL ALT) STLI’SON) 

\&x> 'v yycaM?.; test ’ict L^virra. 

35 phi i SE/> SALT 

MAP-M-24Ó /iLLOY 

Exposure 
Time 

(Hours) 

Cumulative Weight Change (mg) 
Si peel men Number 

M4 MS MA3 MA4 MAS MG3 MG4 MJ2 MJ4 MJ5 

20 
30 
60 
90 

120 
ISO 

\- 

♦ 173 ♦ 109 

♦ 2.2 
♦ 3.5 
♦ 3.6 
+ 6.6 

-599 -186 -0.3 
-0.4 
♦3.3 
♦ 5.5 
♦ 8.5 

♦ 1.0 
♦ 4.4 
+ 5.0 
+ 6.8 
+ 9.8 

+ 4.4 
♦ 8.2 
♦ 10.1 
+ 10.4 

♦ 1.3 
+ 9.8 
♦ 7.8 
+ 9.1 
♦16.2 j 

♦ 4.3 
♦ 10.8 
+ 10.6 
♦ 11.5 
♦ 13.7 

I Note - denote» weight loss 



0/ 
«M G 
O *■> 

w O c « a» 

V. c 
X bfi 
" 0» 

a o 
E r-, 
O 
o a> 

E 
3 

O 
T5 
ai 

ai u 
«-• 3 
3 (A 
u. d 
M g 
U. E 

•a 
a* u 
^ o 
Q. ^ 

>. 
O 

ï- x: -. 
ai u <a > « 

a> -t-> 
^ a> 
d d c 
u d 
I «O X 

u> ■* OC 
< CM W 

S 
I 
h ai 

u 
O S 3 
CM 

TJ d 
ai ai h 
in +-> a> 
3 d a 
t>A Oi E 

•H fc, ^ 
U. 

J 

M
ar

-M
 

2
-1

6
. 



IS
Io

go's

illspsh

il°s»“IsiU

N;I2

5 w 
oi «

u
C 3
/. fc* w 
£ * — s ^ 1
^ £ u

Ml

u u «• - « -

.>'50- r\

7

?

IdI. i. j' ^ i-

5

E
i
* £ 
:i 
£s
(COS 
V »- o 
M «
V.C^ %
fc. 8 w 
« to >:-^

T3 •* •a> •
X tz i

C fc K



:^4

rr
H
r o
I J
M
i in

1

It.

''-■' -rJ

i
o

O £
0 • ^
• tt «
0 u

M:
tf> M

X k S
i) '-' 

iT) « »

d«2
M «.

i
3 I a
01 b ^
ZS i

*> ■ ' ' ^

A • > F ,

f:

f

f

S
tIu!



J*
w ■

^ i :. 

\\

ii

m
.4v•^^v:]

Ifn
:; i
t •

■- S 2 
S c,- 5 
~ ? 1 
, < o

!!'
?r?
¥ * 3

: ^ni 
VII f •
t * -
Us

U2

3^
£

^ U 
tt uo ^
U «S S
£ c2

Z ft) 3a.cr.
k

r** jc 3

S 7

^iz

c 5
o ck I

^ &- a
C (C 
X &>
•£ I!• c
S c
t T.
k c.
3 k ■ 
U C. ^



■ AWlUI'W MOU»*T

•unr*cf ATTACK
(10OX)

•Aftt ALI.O>

*1 ‘ • OK’ U»S •»

Al(0>

SouTrOC PIN* »-«ATiC*^ 
ttAO'“»'. 0*lOAT«vC ATTACK

<20C0K'

r -

W’ac.'X.kapm-c CAOS^-StCTiON or sKt-’'i*rN »»»o*^ .*

^JAe:*»r SIM'J.ATOR Ai’O* : .-' PP« SCA Sau’ •»■ •«“ -
CtX'.TA >-.;t,CASl O. *0« OXAV.IC AC'O-rifCTKOlVrir I m| O .

• % > *vr-A» n.-tL

Ji».‘ure 20.H. Fot rom»s»on of bare 
^'^'-2■16 >ipCTict*n after 15 hours (very 
IcK sulphur fuel) (Qul^g <*t al).

Iijjure 20.9. The influence of 
n>rrusion in the creep behaviour of 
the nicKtl-base alloy V 246 at
f<oo‘'c.
(a) in air.
(b) in hot gas stream from JP4 fuel 

and

(c) in hot gas stream ailh synthetic 
sea salt according to DIN 50900,
but dry. 36g.4Hh.

O without protective coaling.
O chromized.

• without protective coating.
■ without protective coating.
Q chromized.

A LDC2 aiuiiiinide coating with 
Pt.

A aluminidc coating.
(Huff and Schreiber).
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Fleur* 20.10. Th* mfluenr* of 
■•It concentration of the l>f* at 
900X, MAR-M 246. 210 N. Ml'
O »ithout protective coating, 

■Ithout aalt.
• without prote'~tive coating 

■1th aalt.
A 60 ,.• thick protective coating 

LOC-2, with aalt.
□ 70 thick protective coating 

LDC-2, alth aalt.
□ 60 _■ thick protective coating
* LDC-2 althout aalt.

Figure 20 11. The Influence of 
teaperature on the creep behaviour of 
th* nickel-baae alloy MAR-M 246 at
210 N.W 
(B) in nlr.
(b) In hot gaa atreaa fron JP4 fuel. 
<c) In hot gaa atreaa »lth aynthetic 

aea aalt according to DIh 60,900 
36 g 48 h (31 ppa), dry

O althout protective coating
• althout protective coating
• althout protective coating

(Huff and Schrelber).
(Huff and Schrelber)



fiKurt^ 20.12. The influence of 
corrunion in the creep exteneion of 
the r.ickel-ba»e «Uo> VAH-K 246 
et ■ »tre»s of 210 N nurZ and yoo'V 
(a) in still air.
(h) in hot gae ^treaB and 
(O in hot gaa stream .ith a>nthetu 

sea salt according to DIN 50m<ki 
(dr\).

31 pp»
O «&
O 0»5

(Huff and Schrc-iber)

O

A

a

Iigure 20 13. Localired and surface 
corrosion rates at different streaaes, 
nickel-baae alloy IfAII-k 246. 900°C.

*HCK localised corrosion rate in hot
gaa.

•••CK.aalt localired corrosion rate 
in hot gas sith synthetic 
aea salt, 36g 48h

hHCK surface corrosion rate in hot

^CK/salt hurface corroaion rate In 
hot gas sith synthetic aea 
salt 36g/4Sh.

(Huff and Schrelber).
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M 252 

B.O. Buck land, A.D. roster and J.J. Treanor, presented at National Association fear Corrosion tnqineers, 
Mutual (tasting (April 21, 1966) Mlanl, Florida. 

See 0-500 for a sunuzy of the paper. Graph of total corrosion in a small burner rig operating with 
natural gas for a nnber of tesperatures as a fmetion of tine is presented (Fig 21.1). The performance is 
not really very differwit from 11-500 or X-45. Sene parts taken from engines were examined (see 0-500)« 
buckets B-l, 12,700h. in residual oil, 29 shutdowns per 100h. Calculated metal taemeroture was 128CTF 
(693ÖC) but the corrosion (6 mils) was exraistent with a temperature of 1570T1 (854 C) in the anall burner 
test. Buchet B3 was from a turbine running on crude oil after 15,937hj 0.4 shutdoats per 100h« calculated 
metal tssmerature 1330°F (721^:)« corrosion 6 mils, so apparent tarperature 1550 F (843 C). tucket B5: 
natural omi 32,500ht 0.2 shutctowns/lOOh« 1260°F (682°C)i 0.75 mils« 1370°F (743 C). tarcket B6: natural 
gw; 9,000ht 0.2 shutdowi» per 100h« 1340^, 1 ndl} 1430°f. Bucket B12« natural gas; 21,000h, 0.2 shutdoxns 
per lOCh; 1340°?, 1 rail} 1390°F. 

Data relating to the allay will also be found in Tables : 
45-1, 45-11 and 45-III. 



IDO 800 1000 8000 KMK» 800)0 NtyOOO 
HOURS 

Figure 21.1. Total corroelon oí 

alloy 11252 with natural gas fuel ar 
measured by the small burner teat. 

(Buchland et al). 
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Mar-M 302 ( SM 302 ) 

P.A. Bertjmjn, C.T. Sine and A.N. Beltran, Hot Corn*’ un Probiere Associated with Gas Turbines, ASTM Special 
TV>chnical Publication, STV 421, 1967, 38. 

See ■’IJC for details. Attadc at 1750°F (954°C.' and 19oo°F (1093°C) in burner rig, 100h, 20) ppn 
salt, shown in bar diagram Mar-M 302 has good resistance; 2-4 mils loss on dioneter (surface loss); max 
penetration ■ 10 mils at both terfjeratures. Nearly au good as X-4S. However, a note in the text suggests 
that other JE results in other test rigs show more difference. 

L.D. Graban, J.D. Gadd and K.J. Quigg, Hot Corrosion Preblar* Associated with Gas Turbii.us, AETM Special 
Technical P-fclicaticn, STV 421, 1967, 105. 

See 713C for details. fW 302 was the worst alloy tested, about the sane as TW 1900, B1900 and 
»GOO. Authors suggest that high carbon content nay be responsible. Much worse than WI-52, which 
didn't do at all badly in these tests. 

A.R. Cox and R.J. Hecht, (Pratt and Whitney Aircraft, Florida Hesearch and Deueiapimnt Center) Technical 
Report to the Air Foro; Materials Laboratory, V.'right-Patterson AFB, A1ML-TR- 70-273 (Deoerber 1970). 

See Wl-52 for a det.iiled surrury. MM3u2 was about the sane as W1S09 in an oKidaticn/erosicn test at 
2200°F (12o4°C), much better than WI-52; extensive internal oxidation of the carbide network. Accelerated 
cyclic hot corrosion tests with 35 ppm salt for 70h - again, Mar-M 302 is virtually the sane as 
Mar-M 509, and very much better than Wl-52. With 3.5 ppn, Mar-M 302 was appreciably better than 509. 

N.T. Wagenheim, Cobalt 48, 1970, 129. 

See X-40 for details. The corrosion data at the 5 ppm sea salt level is listed! 500h at 1600°F 
(871°C), surface loss 0.8 nils, iraxinun penetration 5.4 mils. lOOOh at 1750°F (955°C) : 3.5 and 10.0 mils. 
KXCh at 1900°F (1038°C): 8.5 and 23.1 mils. Not as good as X-40, but better than Wl-52. 

A.M. Beltran, Cobalt No. 46, 1970, 3. 

See X-40 for details. fter-M 302 seems relatively resistant to oxidation at 1093°C; very similar to 
509. Mar-M 302 also seen* quite good in oxidation at 1600, 1800 and 2000°F (871, 982 and 1C93°C) in the 
natural gas burner rigt fairly similar to FSX 414. The relative hot corrosion resistance, of several 
allays Is shewn in a burner rig burning 31 S residual oil, 325 ppm NaCl in the fuel (= 5 ppm salt in the air), 
60Ch test at 1600F (871°C). The naximun penetration was 0.11 nrn per side, the second "worst" of the 
alloys tested (X-45 was a little worse, but in fact al1. the alloys were resistant). In hot oorroaicn in 
1» S diesel fuel, 5 ppm sea salt in the air, at 1600, 1750 and 1900°F (871, 955, 1039°C) for times of 
500, 1000 and lOOOh respectively, Mar-M 302 was the second best of the group of alloys, very similar to 
X-4Ó. Mar-M 509 was a little worse, and L605 and Wl-52 very nuch more so. 

H.T. Quigg, R.M. Schirmer and L. Bagnetto, Final Report to NASC on Contract No. N00019-69-C-0221 
(Phillips Petroleun Company Research and Development Report 5732-70) July 1970. 

See 713C for details. 

M.J. Donachie, Jr., P.A. Sprague, R.N. Russell, K.G. Boll and E.F. Bradley,- Hot Corrosion Problems Associated 
with Gas Turbines, ASTM Special Technical Publication STV 421, 1967, 85. 

See 713C for details. The best conditions for Mar-M 302 were: (a) Marine diesel fuel with 1.0» S; 
3.5 ppm sea salt in the air; 1650 F (899°C); 50h; (b) 7 txm salt, same conditions otherwise; (c) 35 ppm salt, 
same conditions otherwise; (d) 3.5 ppm salt, 2000°F (1093°C), otherwise the same. These conditions are 
listed in Table 2, but in fact the text makes it clear that other conditions were used as well. The cobalt- 
base allays seem relatively insensitive to salt concentration. At the short time (50h) the cobalt-base 
alloys look good, but their perfonranoe be cores about the same as U-700 in the longer test (500h). 

H.T. ^ligg, R.M. Schirmer and L. Bagnetto, Final Report to Naval Air Systems Coimand on Contract NU0019-70-C- 
0293 (Phillips Petroleim Conpany Researai and Development Report 5903-71) Jan. 1971. 

See 713C for details. 

W.L. Wheatfall, in "High Tenperature Corrosion of Aerospjaoe Allays" J. Stringer, R.I. Jaffee and 
T.F. Kearns, AGARD Conference Proceedings No. 120, (March 1973) 235. 

See 71X for details. 
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E.J. Felton and R.A. Gregg, TVans. A.S.M., 57 (1964) 804. 

Tenperaturv' ro^ t12008C.m^Suran®?ts 38 

8tot!n^^C,kaU^l^c1t8ir4lS kS^fi'2' ^ ^ "•ctlvattof' ™ 13.3 kcaV 

Figure 22.3 she** theniBbalanoe resultsi here, the curves can be described as w - Ktn wh»«. „ . 

‘S^rLÄr~st 
ngureTí.l4 ^ Se^^TS ^ -lec-Uvely oxidised« 

numx was attacked rniUally, follow by a cx^t^n'of^he^i^^.1*^ ^ ** ^ 

OXide S^lled sl*c^ oxidised 2h at 
tbne, and ,n t °f ^ Spalled oxitle “ <* function of 
stents of Z oxiA-s. ^bï. ïstTtJ^ ¿ '*1* ^ UStS ^ *d 
Table 22.VI sh(vs the m ihsis .inalysis of the ad)»t^nt oxide and the internal oxitte. 

fr-r a speemm oxidised^or 2h at^Ju^'1’ nlre^f 7^^ °f ^ sPalled ^tact 
nc!l oxl. layer adjaJt to ^ lS ^ Picture shying th the chrcmiim 

for .ifjproxiriateiy S^min^at ilSo^ °Hior tlCfli V*0 sPeclI,sim ^ polislied specimens were first oxidised 

S !S»c: ^ 
lOt5Brcíot619 m T1} ^ te found ^ I1* following Figures 1 

Sin! 52a2; ' ' 10‘66' 10,68' 10'105' 51'7' 51-8' 51-9' 51.10, 51.11, 51.12, 52.8, 52.9, 
and Tables « 
IOXVIII, loxix, lO-XXV, IOXXVI, IOXXX, 31-1. 
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PREPARATIVE AND ST 

m*. .22-1 

¡BLiyrAiLf; of ; •iKij; a* 

Ovuir 
i'omiioMliun 

«t>0 + TriO. 
C..«» + T»tO> 

«'M»i + T»(). 

«o« + \V0i 

Kirin* 
trinp., r 

1200 
1400 

l.n:» 

1200 

Kirini 
time, hr 

HO 
20 

HU 

OU 

l*rinliict 

CoCr-O* 
r.iTtitl, 

01.0, 

CuWO* 

.Stnirturd d.t. 

Ciilur <f|iinr|i ,1.. • H..M2 A 
TrttMonal Unnilitri at ~ 4.7.10 A. 

r« “ 0.170 A 
Panidu-rutik* tell 1.710 A, ,, ^ 

1.057 A 
IVirwoind (rulilei <a., 1.01» A. 

< • - 1.01 N A 
Munorlinii' uiine»uiri 

tabu: 22-11 

OXIDg FOUP IN ODOTACT WITH SM-302 AFTER HEW TREAPOff (laTOl A» GRECE) 

niimlvr 

HI 
H4 
25 

» 
21 

12 

II 

15 

mi 

M 

fi» 
fi» 
70 
•1 
»0 

44 
101 
104 
05 
»7 
87 

217 
154 
215 
155 
155 

Trut|,., 

050 
H50 
»50 

HNNI 
1000 

1100 

1100 

1100 

1100 

1150 

lino 
■ ISO 
1150 
1200 
1200 

1200 
1200 
1200 
1250 
1250 
1250 
1250 
1200 
1100 
111« 
1116 

Time, 
lir 

I »2 
412 

Ifi 

Ml 
IfiO 

Ifi 

40 

«5 

40 
40 

120 
2 

1« 

16 
48 
tffi 

I 
I 
1 

22 
4 

120 
0 5 
0 5 

Type of 
■peri men 

Metallic 
Metallic 
Aletallir 

Metallic 
Metallic 

Metallic 

Metallic 

Met allie 

.»pallet! titule 

Metallic 

Metallic 
Spalletl naide 
Spalleil oanle 
Metallic 
Spalled oaide 

Metallic 
Spalled «aide 
Spalled oaide 
Metallie 
Metallic 
Spalled oaide 
Spalled oaide 
Spalled oaide 
Spalled oaide 
Metallic 
Spalled oaide 

Oaidea preaent 

J M»1 + apinel + «eak rutile + trirutile 
t rd>, + apinel + «rali rutile + trirutile 
' r.4>, + apinel + trirutile + rutile + very 

•eak Co» 
f riOi 4- ipinrl + rutile 4- irirutile 
Spinel 4- <’r,Oi + rutile + irirutile •+• very 

_ weak CoO 
• 'r,Oi 4- rutile 4- apinel 4- irirutile + very 

weak CoO 
C'riO, 4- apinel 4- rutile + trirutile + very 

weak CoO 
CrsOi + apinel 4- rutile 4- very woak tri- 

rutile 
Cr,Oi 4- weak apinel 4- vary weak rutile 4- 

tn rutile 
Spinal 4- CriOi 4- rutile 4- trirutile 4- very 

weak CoO 
CriOi 4- apinel 4- weak rutile 
CriOi 4- apinel 4- weak rutile 4- Irirutile 
t Mi, 4- apmel 4- weak rutile 
i'rtO, 4- apinel 4- weak rutile 4- trirutile 
CrriJi 4- weak apinel 4- very weak rutile 4- 

trirutile 
Spinel 4- C’riO, 4- vary wank CoO 
Spinel 4- weak CnOi 4- tungatate 
Spinel 4- weak CnOi 4- tungatate 
Spinel 4- tungatate 
Spinal 4- tungatate + weak CriO, 
Spinel 4- tungatate 
< rd)i 4- epinel 4- CoO 4- weak tungatate 
Spinel 4- tungatnte 4- CoO 
CoO 4- apinel 4- tungatate 
CoO 
Spinel 4- CoO 4- week tungatate 

’»BLE 23-III 

SPECTROGRAPHIC ANftDfSIS OF OXIDE TORMED ON SM-302 AFTER 2 HR AT 1200 C (IELTTM AND GREGG) 

number 
Content. % 

Cr Co Ta w Co 4- Cr T. + W 
2MA 
243B 
245C 
243D 
243E 
243F 

Avernaa 
H iodarddeviatioo 

30.95 
43.99 
93.B 
90.75 
90 93 
57 10 
40 91 

mlO.3 

40.07 
30.05 
23.93 
29 02 
21 00 
19 71 
29 44 

de 10 4 

10.40 
13.70 
10.03 
12.77 
19.00 
10 95 
15.94 

dbl.04 

4.91 
4.97 
4.19 
5.37 
4.53 
4.04 
4.57 

±0 51 

77 00 
79 31 
77.77 
79.77 
70 00 
70.07 
70.25 

±1.17 

20.71 
10.07 
20.22 
10.14 
20.13 
20.99 
19.01 

±1.31 



:14 

TABl£ 22-IV 

OOBALT AND CHHDMIUM CPWTHffS OF TOE OXIDE FOWgn OH SM-302 

OXIDIZED BPIVEEN lUX) AND 1300 C (FËLTEU AtP GRBOG) 

CKhliitiun I ihiue 
trin|»., Iiiih*. 

< l.r 

ru(it«*iit *; 

t o t *r ru > Cr 

IINNI {.* 
»•t 

.r$ti 
\%rrw 

ll«N» M 
th 
tj 

IJ* 
\\frntif 

« 

M 
M» 
t.’ 

U«NI O 25 
o 
i 
» 

« 
Avenir 

¿¿ 41 ',7 .•i.* 7« H'. 
1:. .vi 711 :<n NH li 
.’III .VI II Ni 4N 
II •..* 7J lii N7 14 
IN >1 «A II Kl M 
17 IN» i».! IN Ml Í4 
11 VI 77 07 Kl MO 
II l!i 7't VI N7 3:4 
III Ht 77 IN Kl III 
17 7 711 II Kl n 
7N 1; ,-.7 .W Ml V7 
.'»tl 0:. .17 V7 Kl 57 
M IMi 411 4N Kl 51 
17 III 41 3H N4 INI 
V. V» 77 77 Ni 71 
44 I :IN V Kl 0 
1.7 7«.i IV :ii Si II 
INI 7N 77 57 Kl 7V 
VI III 70 5S 7» 74 
00 .14 71 V4 N7 7N 
III A4 17 11 NO VA 
00 I il 5 SI 0 

TABLE 22-V 

X-HAV FLUORESCENCE ANALYSIS OF niE ADHEREOT OXIDE 
BELCM THE OXIDE FOP. HEAT TREATED SM-~ ~ 

METAL MATRIX 
FELTEN AND GREOG) 

I 'liNrHi Irrtrln’ 
\ r»> rrliNliui. 

I 'oKa 
1'rKa 
» 1.0 
T»l.í 
l'nK« 
t'r Ko 
U lu 
T.l.tf 
(*uKa 
CrK« 
WI.Í 
Ttl.S 
CuKa 
OK« 
Wl.fl nu 

Inirnaiiy ..1 
lui't«! + i.vulr, 

r t X I0‘ 

It I 
71 7 
17 U 
IN 

17 4 
IV 5 
17 V 
IV 

17 8 
IV 1 
Il 0 
7.3 

71 6 
Il 7 
14.7 
7 I 

Ifilrnri'y 
of ihm al. 
r/l X I01 

51 7 
V V 

Il 5 
17 

47.5 
VH 

Il 7 
7 4 

48 I 
10 5 
11 V 
2 8 

41 8 
10 4 
14 3 

I V 

Inirnauy rali», 
mrtal. lortal 4- ..vide Treatment* 

I 85 
0 42 
I 05 
0 VII 
! 82 
0 50 
I 02 
1 24 
2 82 
0 55 
I 07 
I 15 
I VI 
0 V3 
0 87 
0 74 

A 
A 
A 
A 
B 
H 
B 
B 
C 
C 
r 
C 
ü 
l> 
D 
D 

* hSrtWvr. A' ,hnt,i w *" ^ ,,n0 C: B W'4 ,M fl f. « Ar ni 1100 C; D. bal'd 

T&pj: 22-VT 

X-RAÏ FTIJORESCENCE 

OXIDIZED POR 2 HR AT 

iKlMNity of Olida sida at «K 
iataifaea 

■BÑJSTT 

with 

CalU t/a X 10* 
CrIU c/a X 10' 
WU c/a X 10* 
TaM í/a X 10' 

■0 0 
7 2 

12 7 
NU 

\li 
I* 4 
2 9 



Figur« 22.S. Arrhraiua plot of 
oxidation data for 2M-202 fron 280 
to 1200 C. (Falten and Gragg). 

Figura 22.2. Theraal balança data 
for IK-902 la atatlc air froa 
1200 to 1200 C. (Faltan and Gragg). 

10 
TiMg-MNuna 



EiUinol 0«i*»

aii4>l« ccrtiM

Figure 22.4. SH-302 oxidized
480 hr at 1000 C in air after 
etching; 1800. (Felten and Gregg)

•• -

•

1-.
■Kl Flfure 22.5. Tantalus concentration 

of spalled oxide Iron SM-302 
bi-tween 1000 and 1300 C.
(Felten and Crega

Oi>d« ‘Off

tOyt» 0* mttai-

dost mt*0'

Figure 22.7. X-ray backscatter 
photograph showing chronlu* 
distribution at netal-oxidc inter­

face of SM-302. X800

(Felten and Gregg).

Figure 22.6. Tungaten concentration 
of spalled oxide froa SM-302 between 
10(X) and 1300 C. (Felten snd Gregg).

Figure 22.8. Carbcn produced as a 
result of carbide tOBbuatlon in 
SM-302 at 1150°C. (Felton and 
Gregg)
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421 

K.H. fyan, J.R. Klldsig and P.E. Honlltcn (Allison Division of Qaneral Motors) Technical Itaport to Wriÿit- 
Pattarson MB, Air Poros Materials Laboratory AIML-TO-47-306 (Aug. 1967). 

... .A*1411*1 •“* of ^ IwooeAire used in this report is given indar PDRL-163. Mar-M 421 is ene of 
tí» noddle group of alloys) it is ocnparable to 713C, IN 100 and Inoo 717. Figure 23.1 tíiows tí» voliro loss 

heat-treated Mar-M 421 as a function of taaperature. Heat treatment lue a negligible 
effect cn the aonoaion rate, ilguie 23.2 aupares the imasured volima loss and that predicted by the 
regression equation, (aee PERL 163). 

The microstructure of all the alleys could be described in tents of three senes t (1) an outer layer 
gradually graded into an area of mined metal and oxide; 

(2) a layer of depleted metal) (3) globular sulphide particles. 

j?,T‘ Quigg «<* R-M. Schirmer, Progress »port No. 3 en NASC Contract No. N00019-68-00252 (Phillips Fetrolevm 
Ocnpany, Research and Development »port 5423-69) July 1969. -n 

-i rvP°ct ^ principally conoemed In testing the ASTM "Round Robin" gretp of 
alloys In the Phillipe Turbins Environmental Sinulator using a cyclic test in which the apedsan is 
******&? f8?0 °5 (871* 982 ^ lM3nC) maxiaun tenperature for 8 min followedby acooling 
ueed^on tíMir^asriísr ^^yj?pro*i*»tely six times more asvere.than the isothermal routine 

thüifw!arl^r tmta' f£tmr 44h at 200CTF max, Mar-M 421 had lost 126 ng/an2, the surface lose was 
?? ^penetration 22 mils. This was appreciably worse than IN 738, but a little better 
than U 700. The data are presented in tables and graphs (see 713C). 

ASTO »und Robin »st organised by the Hot Corrosion Dude Faroe of the Gas Turbine Pawl 1970. 

th. cJZl WM 0-0 ^110^ 01 intermedíate resistanoe, rather better that 
îî*.]?0*1' y^?00' ^ “ 1°°* m ü“500 or IN-738. Figure 23.3 shows the metal loes data reportad oy tnt participants. ~ 

P.C. Felix, in "Deposition and Oorrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (a 
Science Publishers, London, 1973) 331. 

See 713C for details. 

e.) (Applied 

Data relating to this alloy will also be found in the following Figures > 

and^TSbles^i' 10*54, l0,92' 1°*99' l0*121' 36,1' 36,2' 36,3' 36,4' 36,5* 36*6* 38*7* «.33, 45.35, 
lo-xi, lo-xiii, lo-xv, lo-xvi, loxm. 



Figur« 23.1. A«-e«at v«rau« heat 
treated Mar-M 431 at each cyclic 

teat teaperature. (Ryan et al). 

î 
I 
j- 

ITOO ITSO 1«00 IBM 

Temperatur«- ( T) 

Figure 23.2. Coeperlaon of the 
■eaaured voluae loaa and the loaa 
predicted by the regreaalon equation 

for Mar-M 421. (Ryan et al). 

Figure 23.3. Metal loaa data for 

Mar-M 421 raported by partlclpanta 
ln A3TM Round Robin teat. 
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Mar-M 432 

P.L. Nomon and J.D. Bars ton, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Qitler (eds.) 
(Applied Science Publishers London, 1973) 260. 

See Nbrcnic 80A for details. Figure 24.1, 24.2 and 24.3 oorpare the hot oorrosign of a motor of 
nickel-base alloys in a salt-spray test using 75% Na-SO., 25% NaCl at 700, 000 and 900 C, evaluating 
corrosion in temo of weight-loss after descaling. mSt-A 432 appears to be a resistant alloy, better than 
IN 738 at the two lower temper atures, and about the same at the highest temperature. 

J.F.G. Conde and G.C. Booth, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.) (Applied Science Publishers, London, 1973) 278. 

See Nincnic 105 for details. Tests in AML low pressure test rig« at 850°C with 0.1 um salt, 
20Ch test, Mar-M 432 is not as good as Nimonic 90, but better than IN 738. 

P.C. Felix, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) 
(Applied Science Publishers, London 1973) 331. 

See 713C for details. 

K. Page and R.J. Taylor, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) 
(Applied Science Publishers, London, 1973) 350. 

See Nirmnic 105 for details. Three alloys are being evaluated for tolls-Royce industrial and 
marine turbines: IN 738 is the primary candidate, but Mar-M 432 is thought to be nearly as good. 

W.L. ttreatfall, S.J.Dapkmas and J. Sydavar, Naval Ship Research and Development Center, Materials Department, 
Research and Development Report 8-868 (August 1971) • 

of this alloy, IN 738 and U 500 were oxidised in fleering oxygen for 210h at 1650°F (899 C) 
and 235h at 1750°F (95vC). The extent of oxidation was measured in terms of oxide thickness, general 
penetration and mixinun depth of oxide penetration. For Mar-M 432, the results were : 

21Ch at 899°C 
235h at 954°C 

Surface Oxide 

0.5 
1.1 

General Penetration 

1.0 
2.2 

Maximum Penetration 
(all mils.) 

1.5 
3.5 

U 500 was the nest deeply oxidised alloy at 899°C, but had the lowest depth ofattack at 954¾. The 
oxide scale on U 500 at 899¾ was twice as thick as that on IN 738 and Mar-M 432. The surface oxide on 
SIS was rough and uneven at both temperatures. At 899°C, IN 738 showed a slightly greater panrtraUon 
than Mar-M 432. Mar-M 432 was more resistant to oxidation than IN 738 at both taiperatures. Grain boundary 
attack was moderate in Mar-M 432. Surface scales on Mar-M 432 were vniform at both temperaturas. 

Date relating to this alloy will also be found in the following Figures : 
10.92, 14.8, 14.9, 14.10, 32.17, 32.18, 32.19, 32.20, 
and in Table 32.1. 
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Mar-M 509A 

J.R. Jcjhnston and R.L. Ashbrook, NASA Technical Note TO D-5376, (August 1969). 

. ^i^8Jorv8U,,!^ry f™1 li8t of ^ Pr11«1?®1 tables and figures. In the high velocity gas test 
at ¿OOCTF (1093 C) the alloy lost 46 mg/an in 5Ch; in the static test the corresponding figure was 5.0 mg/an2. 
This was worse than X-40, but better than WI-52 in each case. The cotides determined by X-ray diffraction 

e*posed to gas-velocity for various time and tomeratures are listed» at 1800®F 
(982 C)i 20h, CfoO-i 60h, monoxide (OoO), a spinel with a = 8.30 R» and COWD,» 100h, CT.O,, OoO, spinel. 
^0190¾ ipÿbf 20h, Cr203, C0O6 a spinel with ao - 8?20 8, a spinel with4a„ =1.3¾¾ P 

a ^ 
with 

^62^3! - rr1 ' rrcnc)xlcle (Go0) * a «Pinel with a = 8.30 X» and OoMD.» 100h, 0:,0,, OoO, spinel. 
9<XrT (1038 C). 20h, Cr-O., CoO. a spinel with a = 8.20 X. a spinel with^a = 8. 30a? ¿id CoWO » 6Ch 
, OO, a «tal «tha^uí . „*«! „lth S . 8 » Í, J¡ 10¾. âl^'cS: 
8,15 ?'« with ao = 8.20 8 and 0*0.. At°2000ôF (109^0): 2o(i, Cr.O,, (¿O? and a spinel 

3 * §*,2aití doWO*.^2°3* C0°' a Spinel ao “ 8-35 k' and Q*04¡ lOOh.^Oj, CaO, a spinel with 
a 

a = 8?25 o 

The effect of variations ig the operating conditions is shewn: for Mar-M 509A, in the standard cycle 
3 C) in Mach 1 with forced air cooling, the sample lost 4870 mg» with a 
ho tAJOirrh*- *7nC _ J 

of 100 Ih cycles at 2000°F (1093' ___ ,_, ^ 
free air cool and IQh cycles, the weight loss was only 795 mg 

Oxidation proceeds along the interdendritic carbictes, at least in the early stages. 

Td Aircraft, Florida Research and Developient Oenter) Technical 
Report to the Air Force Materials Laboratory, Wright-Patterson AFB, AiML-TO-70-273 (December 1970). 

See WI-52 for a detailed sixmary. Mar-M 509 very much better than WI-52, about the sane as Mar-M 302. 
except in a lew-salt (3.5 ppm) cyclic hot corrosion test, in which it was rather worse. 

A.M. Beltran, Cobalt, No. 46, 1970, 3. 

Tr, . .366 X_4° fof ^tatts* Mar-M 509 is quite resistant to oxidation at 1093°C, very similar to Mar-M 302. 

SileS'S MtSÆ13,^iS"îÆal^L"“h “5 H” I« 0« fu.1 ,. 5». 2lt to th. Mr), 
aZ ÏÏÎS Í316CSi ?T 509 ^ * "»«i™»" pen.tx.tion of 0.06 mi per side, . little better 
tn«i Mar-M X)2. The relative hot-oorrosicn resistance of another group of alloys tested in 1% S diesel oil 

5 PP"if the air at 1600F (871 C), 175dV (955 C) and 190?T (1039°C) for 500, 1000, 1000h 
respectively is shown: Mar-M 509 seemed a little worse than Mar-M 302, especially at the highest temperature. 

^,i99' R‘M‘ Schinner and L. Bagnetto, Final Report to NASC on Contract No. 
(Phillips Petroleum Company Research and Development Report 5732-70) July 1970. 

N00019-69-C-0221 

See 713C for details. 

0293 Sí ^9ne^' H?P°rt to Naval Air Systems Ccmmand on Contract N00019-70C- 
02S3 (Phillips Petroleum Ccrpany Research and Development Report 5903-71) Jan 1971. 

See 71X for details. 

VJr ,,Ugh ’na,Perature Corrosion of Aerospace Alloys" J. Stringer, R.I. Jaffee and T.F. Kearns 
(eds.) AGARD Conference Proceedings No. 120, (March 1973) 235. 

See 713C and IN 738 for details. 

Data relating to this alloy will also be found in the following Figures : 

5^12^52! 14j11' 1'12' 1‘13' 1*14' 10,105' 14'n' 51*7' 51-8» Si-9» 51.10, 51.11, 51.12, 52.8, 52.9, 52.11, 

and Tables : 
10-XXX, 31-1. 
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Nicrotung and Nincnic 75 

R. Viswanathan, Corrosion 24 (1968) 359. 

o See 713C for details. Nicrotung was one of the poorer alloys studied. After 150h testing at 1500°F 
(816 C) the specimen had lost 15.6 mg/an» 36.51 of the alloy was unaffected. Inoo 751 was ccnparable; 
the weight loss on 713C was much higher, but the affected metal was about the sane. 

J.F.G. Conde, paper to Conference on Naval Materials: Current and Future Problems Royal Naval Engineering 
College, tanadon, July 1970. 

Remarks that limited incidence of sulphidation oorrosion has occured in Nimonic 75 oombustion 
chambers on certain engines, but this has been overoone by redesign to permit better cooling and by pack 
aluninising. In the Allen 500 kW turbine, ambustión chambers were failing by sulphidation after about 
120Gh, but hiprovenents in design have resulted in a life in excess of 10,00Ch. 

E. Erdfis in Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) (Applied Science 
Publishers, London 1973) 115. 

See 713C for details 



.ui: 

Nironic 8QA 

^rnT^Tb)J¿^ll^teà at ^ *«— 

and exSniif^of S^T^.A ^ °f ^ ^ fran turbi»s 

Bucket B.7s from turbine operated on natural gas. after 60, 836h: turbir» shut*«« ™ 
0.2 tires per lOOh. Calculated retal tenperature 1350^F (732°C) Corrosion 2 mi ic u^i^. _._ 

in this tire from a retal temperature (7n^) J I^teí^sLS^t^1 

Bucket B.8: natural gas, 32,850h, 0.2 shutdcwns/lOOhs 1320°F (716°C) 2 mils, 1440°F (782°C). 

Bucket B.13! natural gas, 40,000h, 0.2 shutdown/lOGhj 1320% 1 mil; 1390°^ (754°C). 

W. MBller, Paper B16 in 9th International Congress on Cunfeustion Engines, CIMAC, Stockholm, 1971. 

Corroded up to lOOOh at 650 ~ 750^C and 60 m/s gas velocitv in a test rin hnmim -. .. _ .. 

(^31^)^20^3^^ TTt S S21^'+S^iUm ^ vanadiun' Six conditions were used: no Liditi^s 

Pfm Na t 28 ppn V. Corrosion was determined by measuring the weight loss afte?descaling. 

is shown^ir^Tabie foniEd by in air for 10,000h at 750°C. The chemical conposition 
is shown in Table 28 I and the phases present as indicated by X-ray diffraction in Table 28-11 

scale is very irregular and in sane places is up to 25 urn thick. It consists of Cr 0 TIO arel » Httio 

MO. No spinel was detected. The calculated weight loss from the ne^ed^cale^iàín^^w^ 

a l0SS °f 7,5 ^ ^ ^ is d^S^inï: n £n?,W^d6Is5 

E. Er dös in "Deposition and Corrosion in Gas Turbines" A.B. 
PliDlishers, London 1973) 115. 

Hart and A.J.B. Cutler (eds.) (Applied Science 

See 713C for details. 

W. Möller, in "Deposition and Corrosion in Gas Turbines" A.B. 
Publishers, London 1973) 1. 

Hart and A.J.B. Cutler (eds.) (Applied Science 

Figure 28.6 shows the cross-section of the corrosion interface 
at 700 - 730 C in a turbine burnhgblast furnace gas. 

on Nimcnic 8QA after 27,000h service 

P.L. Norman and J.D. Harston in "DepoeiUon and Corrosion in Gas Turbines" 
(eds.) (Applied Science PubUshers, London 1973) 260. 

A.B. Hart and A.J.B. Cutler 

pap^. 'kf^***8 the use of a new salt-shower test to evaluate the hot-corrosion resistanœ of 
superalloys. The alloys tested were Nimonic 8QA, Nimonic 90, Nimcnic 105, Nimonic 81 EPK 55 (in 587\ 

2°' (IN 58?)' IN 738' ^ ^ ínSSe5I'v^iSí)' 
tube fumaœ through which a coarse salt mixture was dropped using a vibratory feeder tfiich operated for 

^ for 8^mixtuie was 75% ^di^pSt? «T 

2Íghí l¿ss ^ SpeCiTT,enS ^re descaled ^ ^ corrosion bei£\valuatad in term 

Table 28-n/ shows preliminary results for Nimcnic 8QA and 81. Table 28-V shows the rwmlts of 

o^‘ ûDepoS.i^n ^ 000:08100 10 038 laines" A.B. Hart and A.J.B. Cutler, (eds.), (Applied 
Science Publishers, Lorelon 1973) 331. ' 

See 71X for details. 

Data relating to this alloy will also be found in the following Figures : 
10.92, 10.99; 
and Tables : 

10-XXVII, lOXXIX, 28-IV, 28-V, 31-11, 45-III. 
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TABU: 28-11 

( ÜMPOlKDb IDHmt'IKD FRLW X-RAY PATl^RNy, (MH.i.pp> 

Alloy Run 
Addition 

Air L 
+ Na 

No. of sarrpla 
Tenp. °c 

¡Sp. ti,¿8 A 
NiCr-0. 

2 4 
NiO 

Cr2°3 

Ni3V2°8 
Na29045-0631 

Na2S04 8-31. 

Ni 

Others 

303,307,314 207 
650...750 750 

(s) 

m 

at 

m 

ss 

7 

it 

st 

sst 

M 
+ V 

1 j4 
/on 

sst 

sss 

TiO^sst Na,CrO, ? 

N + o 
S+V+Nu 

Q 
Na 

258 326,404,306 407 329,414,312 
750 050 700 750 

mst 

sst 

Its 

s? 

mst 

st 

mst sst 

st 

sst 

ms 

met 

st 

st 

Ni2v Oym? 

TABU 28-111 

WEliifT LOSSES AFItR DliSGALING IN ma/an^ iwri.T-t-’pi 

t#«t tima h 400 COO 1000 

ran tamp. Nimonic aOA 
o« W 

1 

K4) 

L 

o50 
700 
750 
650 
700 
750 
650 
700 
750 

o.- 5.0 5.ó 
o.á 5.7 4.0 
1.4 4.1 2.0 
0.3 0.6 0.4 
0.4 0.4 0.4 
o. o o./ 0.7 

0.5 o.e o.C 
0.6 0.7 o.^ 
0.d 0.9 1.1 

t50 
700 
750 

7.0 
10.5 
15.0 

d.7 
14.7 
20.o 

12.4 
19.7 
33.2 

650 
N 700 

750 

5.9 
d.5 

12.9 

7,3 
10. o 
13.1 

6.9 
12.7 
21.2 

0 
650 
700 
750 

6.4 7.6 11.6 
9.1 12.2 15.0 

15.5 19.9 23.6 
'i 50 

4 700 
750 

7.3 
12.0 
30.7 
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pwuMPwcr resuas on uranic alujys a» ana ei 
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nc: kmpeîjjvp «qrotOT AtP RgICDUCIBILm AtP TOE 

TW ALU»S ARE EASILY DlgTOigjISgD OM T« BASIS OF HOT- 

ODWOSIOM BESISTMKE OPWW AND HABSTON) 

4lhil Temp C Tim. hoMn 
Dr%raM *1 low Imp cm') 

- - J 4 

750 

I 
) 
« 

24 

M 
40» 
490 
M J 

Jl 
377 
338 
M3 

55 
338 
53 8 
59 f. 

ft I 
37 3 

1083 
749 

SinuoiK alk>> 80A 800 

I 
) 
» 

24 

4 1 
I9fc 
27 3 
79 ft 

39 
273 
230 
770 

22 
252 
423 

1032 

37 
238 
232 
937 

850 
3 
8 

24 

17 
202 
555 
728 

38 
203 
ft7 8 
71 I 

22 
191 
473 
903 

63 
292 
872 
596 

750 

I 
3 
8 

24 

31 
3 ft 

233 
27 ft 

SA 
32 

307 
298 

63 
4-7 

28 ft 
272 

58 
39 

253 
31 5 

Niimmii; alloy 81 800 

I 
3 
8 

24 

10 
6 3 
59 

n.d. 

IS 
78 
63 

n.d. 

10 
75 
48 

n.d. 

HI 
75 
61 

n.d. 

850 

n.d. Noi determined. 

I 
3 
8 

24 

64 63 
117 100 
64 72 

138 201 

3-4 64 
107 74 
7-5 70 

17 ft 175 

TMff 

Km JTi.^ Sg, « ia^, 

llllO 

Nimonk alloy 80A 

Nimonic alloy 81 

Temp ( Time honre 
DeecaM *l low Imp cm1) 

I 2 

700 
50 

100 
.300 

7* 127 
SI SI 
SO 7-6 

800 
50 

100 
300 

n.d. 76 
25 38 

3SI 1293 

•Nin 
50 IOI 70 

100 127 1493 
300 116 8 1175 

TO) 
50 70 n.d. 

100 23 n.d. 
.300 3 1 12-7 

N00 
50 

100 
300 

101 n.d. 
31 o.d. 

114 64 

900 
50 

100 
.300 

127 
13 2 
203 

n.d. 
n.d. 
n.d. 

n.d. Nut determined. 
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Figure 28.1. Structure of corrosion 
lexers on Nimonic 80A aft«-r lO.OOOh 
at 750^C in air (Muller).
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Figure 28.2. Weight losses of 
SlBonlc 80A and S590 as function of 
test tenperature (Muller).
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-• .-0 p™

Ftcurc 28.3. Structur* of corroalon 
lajrer* after 400h exposure at 780 C 
to flue gaa eith sulphur addition. 
(Hiiller)

Figure 28.4. Structure of corroalon 
layers and distribution of elenentn 
after lOOOh exposure at 700 C to 
flue gax elth addition of sulphur 
and vanadlua (Muller).
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gas. Material NlBonlc 80A 
Magnification X120. (Muller).
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Nlmcnic 81 

P.L. Norman airi J.D. Harston, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Qitler 
(eds.) (Applied Science Publishers, London 1973) 260. 

See Nixnonic 8QA. Figure 29.1 shows the increase in hot corrosion of Nimonic 81 after 30Ch at 
800°C in a salt-spray apparatus using 75* Na.S0. 25* NaCl as a function of the surface area to volute 
ratio, the corrosion being evaluated in terms or weight loss after descaling. The corrosion of a rmbs 
of nickel-base alloys at 700, 800 and 900°C is shown. Nimonic 81 is very resistant at all three tarpera 

tures, in general appearing to be the best of the alleys tested. 

Data relating to this alloy will also be found in Figures : 
14.8, 14.9, 14.10 and 32.6. 
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Nincnic 90 

G. Llewellyn, Hot Corroe ion Probierte Associated with Gas TVorbines, ASTM Special Technical Publication, 
(SIP 421) 1967, p.l. 

See Nlaonic 100. Threshold tenperature in 6hr test, 45 min cycle, S0_/air, 930oC; 920°C in 
contact with carbon, 1020°C pack al jaLniaed 1000°C pack aluninised in contact with carbon. 

J.F.G. Conde, paper to Conference on Naval Materials: Current and Future Problems, Hoy®1 Naval Qxjineering 
College, Manadon, July 1970. 

Remarks that three separate failures of Nimonic 90 first stage nozzles in Allen 500 kW turbines 
(maxinun tenperature 735°C) in large vessels were related to heavy intake of sea va ter during rough weather 
in two instanoes and salt spray and diesel engine exhaust funes in a further instance. The nozzles 
have been made from X-40 since 1965 with no sign of corroe ion. Figure 30.1 shows a very severely corroded 
cast Nimonic 90 nozzle serrent from a Proteus engine which had operated for 800 h in a Brave Borderer. 

The overall effects of various concentrations of salt in air have been studied in a series of engine 
tests on a Proteus at the National Gas Turbine Establishment using a Nimonic 90 first stage nozzle segment 
as a rorros ion monitor. The results have been sunmarised (by S.G. Morgan, A.H. Lamport and A.J.R. Smith 
"Gas Turbines in the Royal Navy” A9Œ paper TO-OT-IO, presented at the ASME Gas TUrbine Conference and 
Products Show, Brussels, Belgian, May 1970) as follows: 

0.5 ppm NeCl in the intake air, with turbine entry tenperature in the range 
650 - 750°C - corroded after 365 h 
0.05 ppm NaCl, 660 - 780 C - corroded after lOOOh 
0.005 ppm NaCl, turbine entry tenperature ranging to 780 C approx, on power 
cycle - no rorros ion after 14O0h of which lOOOh were with salt ingestion. 

E. Erdfis in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.) (Applied 
Science Publishers, London , 1973) 115. 

See 71X for details. Figure 3a 2 shows a stratified scale on Nimonic 90 exposed to sulphur vapour 
for 118 h at 800%. Three different layers developed: an outer layer of NiS + (Co, Ni^S., a middle layer 
of CTjS^ + Cr-Al-S, and an inner adherent layer of Cr^Sj. 

R.C. Hurst, J.B. Johnson, M. Davies and P. Hancock, in "Deposition and Corrosion in Gas Turbines", 
A.B. Hart and A.J.B. Cutler (ads.), (Applied gdenoe Publishers, London 1973) 143. 

This paper describes a study of the effect of chloride and sulphate contamination on the oxidation 
of alloys in the tenperature range 600 - 950%, using a hot-stage microecrops. In addition, acme 
experlnants were performed using a vibration apparatus. 

The effect of introducing sodiun sulphate or aodiun chloride after lOGh on the resonant frequency 
of Nimonic 90, Nimonic 105, IN 597 and Brightray C was studied : aodiun sulphate had no effect, but sodiun 
chloride produced a very -harp drop, indicating loes of adhesion or cracking in the scale. 

A.J.B. Cutler and C.J. Grant in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.) (Applied Science Publishers, London 1973) 178. 

See IN 738 for details. _ .Nimonic corroded significantly more rapidly (at 727% in Li/Na/K sulphate 
mixture, in 1 atm 0,, 3.23x10 4 atm SO.) than Nimonic 115 or 105. At the conclusion of the experiments 
with Nimonic 90 the xpltan sulphate had an intense blue coloration corresponding to an appreciable 
concentration of Oo dissolved in the melt. The thick oxide layer formed on Nimonic 90 had a crystalline 
dendritic appearance. Mlcroprcbe analysis of the scale shewed that there is a layer of chrcmiun and nickel 
sulphides adjacent to the metal. 

P.L. Norman and J.D Bars ton in "D^xisition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(ads.) (Applied Science Publishers, London 1973) 260. 

See Nimonic 8QA for details. Nimonic 90 is quite resistant to the salt-shower test at 700%, better 
than Nimonic 105, IN 738 or Mar-M 432. However at 800% and 900% it is poor, oonparable to 105, nearly 
as bad as 71X. Nimonic 90 goes through a mudmun attack at 800%. 

J.F.G. Conda and G.C. Booth in "Daposition and Qarrision in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.), (Applied Science Publishers, London 1973) 278. 

Set Nimonic 105 for details. Describes use of the AM, low pressure simulator in testing allays, 
principally at 750 and 830C for 20Gh with 0.1 ppm sea salt. Nimonic 90 appert to be a very rae latent 
alloy, oonparable with X-40. 

___ — . 
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P.C. Felix in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.). 
(Applied Science Publishers, London 1973) 331. 

See 713C for details. 

K. Page and R.J. Taylor, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler (eds.), 
(Applied Science Publishers, London 1973) 350. 

See Nimanic 105 for details. 

H. Huff and F. Schreiber, Werkstoffe and Korrosion ¿ (1972) 370. 

See 713C for details. The paper describes experiments in a ccmbustor rig in which a stress can be 
applied toothe specimen. Figure 30.3 shows the time to rupture at stresses in the range 8-17 kp/imi in 
air at 815 and 900 C, in ooÿjustion gas at-900 C and in coitustion gas with 31 ppm salt at 900°C. The 
lOCh rupture strength at 900 C was 170 N/nm in air, the same in ccrbustion gases without salt, and 80 N/ÿim^ 
with 30 ppm sea-salt. Figure 30.4 shows the influence of tenperature on the time to rupture at 120 N/nrn 
in air, ocnbustion gas, and ccrbustion gas with 31 ppm sea salt. 

R.W. Archdale, paper to Inter-Service Metallurgical Research Council, Heat Resistant î-fetals Cormittee, 
ISMJT 2805 HR 558 (November 1961). 

Refers to a test carried out in 1955 on a Proteus engine with the object of determining the 
degree of corrosion to be expected under marine operating conditions. Salt was injected into the air intake 
at 1*07 ppm; the fuel contained 0*57 - 0*76% S. The running period was 225h, and it was necessary to 
increase the turbine entry tenperature to achieve the specified power. This turned out to be due to the build 
tp of a layer of anhydrous sodium sulphate on the first stage stator blades, reducing the throat gap. 
Severe corrosion of the stator blades had occurred in the form of nuunds or tumours on the blade 

Soine pxarts of the trailing edges were corroded away. The maximum turbine entry temperature 
had been quoted as 872 C, and the maximum operating tenperature of the first stage stator blades was 
estimated to be in excess of 900 C. Figure 30.5 shows the general appearance of a stator segment after 22h 
with 2» sea water in fuel. 

The deposit was 93.6t water soluble, containing 4.91% calciim sulphate, 5.65% nagnesiun sulphate, 
balance sodium sulphate. He insoluble part contained the oxides of Cr, Ni, Co and Fe together with soma 
carbonaceous matter. No chloride was detected. Nickel sulphide, Ni.S. was detected by X-ray crystallographic 
methods in the inner zones of the corrosion mounds. J ¿ 

In the laboratory, sodium sulphate alone failed to give this form of attack on Nimonic 90, but 
mixtures of sodium sulphate and sodium chloride gave tmcur-like corrosion products which were visually and 
metallographically similar to those found after the engine run. Subsequently it was observed that mixtures 
of sodivm sulphate and carbon would also give this form of attack. 

Archdale considers sulphidation, and in particular the formation of nickel sulphide, to be 
inportant in the reaction, but cements that the natural oxide film has seme resistance to sulphur penetration 
and breakdown of this film tends to depend on the presence of a triggering agent such as the chloride 
ion. 

The results of crucible tests at 900°C sodium sulphate/sodiun chloride tests are given in Table 
301. In test A, the specimen is half iitmersed in powdered solid salt in a silica crucible and the entire 
asserrbly is heated until the salt is molten. In test B, the specimen is half irmersed in the already 
molten salt. 

A further test used a mixture of 95% magnesian sulphate with 5% carbon. This followed reports 
that "black plague" corrosion followed the use of water containing appreciable quantities of 
magnesian sulphate for oarpressor washing. Again the tests were conducted at 900°C, for 72h. 

Table 3011 results of magnesium sulphate/carbon crucible tests (Archdale). 

Loss in weight, mg/an; 72h in 95% MgSC>4 + 5% C. 

Nimonic 90 
Nimonic 100 
Nimonic 105 
Nimocast 258 
064 
067 

13.4, 25.0 
107.0, 93.5 
45.0, 3.4 
29.0, 3.1 
76.0, 3.5 
2.4, 1.7 

Archdale oonsidered that the low chrcmion alloys (Nimocast 258, Inconel 713, G64 and Nimonic 100) 
or «Id suffer reaction without the presence of a triggering agent over a broad front. The high-chromion 
alloys, on the other hand, required triggering and so exhibited local attack at isolated points; however, 
onoe triggered, the attack could be catastrophic. The author regards Nimonic 105 as a borderline case. 

Data relating to this alloy will also be found In the following Figures : 
10.92, 14.6, 14.8, 14.9, 14.10, 32.6, 32.9, 32.10, 32.17, 32.18; 
and Tables : 
31-1, 31-11, 32-1. 
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Alloy 

Nimonlc 90 

Nlmonle 100 

Nimonlc 109 

Ntmocaat 190 

Inonol TU 

G-64 

G-67 

X-40 

W.I. 92 

Alloy 

Nimonlc 90 

Nimonlc 100 

Nimonlc 109 

Ntmocaal 299 

G-64 

TABLE 30-1 

CRUCIBLE TEST RESULTS (ARCHEftLE) 

Taat A, Lona la walglit, ra|/em* 

Naj804 0.9% NaCl 

6h L9h 

1% NaCl 

9h 

1.19 

0.49 

0.70 

0.2 lo 49.0 

1.90 

0.99 to 146 

0.90 

0.90 

1.94 

0.90 

1.29 

0.90 

0.1-9.49 

7.40 

94.0-49.0 

0.90 

2.09 

299.00 

0.90 

0.90 

49.00,90.00 

209.0-222.0 

0.99 

1.79,1.99 

9.9,110.9,90.9 

Taat B, Loaa tn watght, mg/cn* 

N^0°4 

0.90 

0.30 

0.70 

0.70-2.1 

0.7,0.99 

1% NaCl 

1.90 

223.0 

0.09 

0.4-109.0 

217,234 

10% NaCl 

119.0 

490.90 

0.90 

0.4,0.3 

390, 70 

313 

10% NaCl 

Oh 

14.30 

430.00 

39.40 

0.90-0.60 

199.0-199.0 

0.99 

90.9 

77.2 

90% NaCl 

9h 

9.90 

1230.00 

3.70 

90% NaCl 

complata da at ruction 

4.20, 1000.0 

3.00-9.30 



Figure 30.1. (a) Cast Mnonlc 90
nozzle segment from Proteus engine 
after 800 hours In Brave Class 
Fast Patrol Boat.

(b) Cast X40 nozzle 
.-segment from Industrial Fnglne. 
(Conde).

•xc

Figure 30.3. The influence of 
corrosion on the creep behaviour 
of the nickel base alloy Nlmonlc 90
(a) In air at BOO^'c and 8!3“c.
(b) In hot gas stream at 900°C.
(c) In hot gas stream at 900°C »ith 
synthetic sea salt according to 
din 50900, 36g/48 h.
(Muff and Schreiber)

Figure 30.2. Nlmonlc 90 118h/800°C/ 
S2 stratified sulphide scale.
(Erdiis) .

Figure 30.4. The Influence of temp­

erature on the creep behaviour 
of the nickel-base alloy Nlmonlc 90 
at 120 N/mm2.
(a) in air.
(b) In hot gas stream from JP4 fuel.
(c) In hot gas stream with synthetic 
sea salt according to DIN 50900,
36 g/48 h (31 ppm), dry.
(Huff and Schreiber)
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Jigur^ 30.6. The general eppearan<e 
«rl a Mmonic 90 stator s<*gcerl 1 toil 
a Proieufc ongine after 22h running 
aith 2' a«a salt in the fuel. 
(Archdale).
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Niitonic 100 

G. Llewellyn, Hot Corrosion Problems Associated with Gas Turbines, ASTM Special Technical Publication, 
(STT> 421) 1967, p.l. 

A picture of corroded blade is shown in Fig. 31.1. "Sulphur attack is evident in the early stages 
by dark coloured blisters on the surface - formerly known as "black plague" • In more severe cases 
blistering can cover the whole of the concave site of the hottest region of the blade. Grades may then 
appear in the sulphur attack itself, for instance longitudinally on the leading edge or in a transverse 
direction at the trailing edge. The cracks are usually restricted to the attack with little or no penetration 
into the sound core material". 

"Particles chipped from a corroded ccnponent are normally noticeably ferromagnetic, and there is 
evidence to show this is strongest in the Intermediate zone where presumably the material is sufficiently 
nickel-rich to produce this effect." 

"A remarkable feature ... blades have suffered severe attack without failure. This is because the 
attack tends to advance on a broad front rather than by preferential attack on the grain boundaries". 

Figure 31.2 is a cross-section of a corroded specimen; material not indicated, but probably Mi 100. 
Corrosion product is (outer layer) NiO + NiCr-O., notes report of FejTiO,., but unable to confirm this. 
Next, CrjOj + metal, then Or sulphides in the retal. 

Gives threshold tatperature as determined by a test involving a 6hr cycle with intermittent SO, 
and air at 45 min intervals as 800°C; 780°C with the specimen in contact with C: relative performance of a 
number of alloys is shown in Table 31-1. 

P.R. Belcher, K.J. Bird and R.W. Wilson, Hot Corrosion Prob Ians Associated with Gas Turbines, ASTM Special 
Technical Publication (STP 421), 1967, pl23. 

The authors refer to the attack as "black plague” and ranark that it was first observed or. Ni 100 
blades, quoting reference of C.A. Dalton in ASME Publication 65-CTP-7. No cases of b^ack plague on Nimonic 
100 blades have been reported unless they have been operated for at least 100h at 900 C. Figure 31.3 
shows a number of corroded blades, including a Nimonic 100 blade after 1063h service; Figure 31.4 she»« the 
cross-sections; Figure 31.5 and 31.6 shows details of the metal/scale interfaces. "Scale is very hard 
and adherent and is not disturbed 'when a blade is quenched into water from 900°C". Sulphur is always 
present in snail amounts at the reta 1/scale interface. "On the Nimonic 100 blades the heterogeneous scale 
appears to be a disordered mixture". Always a narrow band of sulphide peu tides at the scale/re tal interface 
with an occasional tendency for the sulphides to penetrate intergranularly. Electron probe pictures of 
blades are shown in Figures 31.7, 31.8 and 31.9. The scale products were various spinels, together with 
some NiO. Black plague-attacked Nimonic 100 blades were brittle, easily broken with a haimer. 
Uncorroded blades which had been in service for a time were also brittle, the brittle fracture being 
intergranular. The authors conclude«: that the brittleness was not connected with the corrosion. 
Ttests were carried out in a full sa le ambustión chanber - air/fuel 45/1, aviation kerosine 0.13% S 
923 c, 25h. No attack, either continuous or intermittent running. Added CCI. (66 ppn) in fuel - no 
effect. Added 100 ppm NaCl in fuel, got typical sulphidation attack: specimen coated with Na,S0, and 
NiCr,0,; seme NiCo,0. and (Ni,CO) 0 detected by X-rays. Other tests 850 - 950 C, 100h (seme extended 
to 500n). The test results are listed in Tables 31-11 and 31-111. Old blades corrode more than new 
ones. 

M.J. Donachie, Jr., R.A. Sprague, R.N. Russell, K.G. Boll and E.F. Bradley, Hot Corrosion Problems 
Associated with Gas Turbines, ASTM Special Technical Publication STT 421, 1967, 85. 

See 713C for details. Figure 31.10 shews a Nimonic 100 first stage turbine blade from a 
turboprop engine, exhibiting severe attack: Figure 31.11 is a section of the same blade. 

C.C. Smith, P. Dean, W.E. Laker and D. Jones, Bristol Siddeley Engines Laboratory Report No. 452, 
(August 1957). 

Several Nimonic 100 first stage Olynpus turbine blades were sent to the laboratory after 401h engine 
running. All had a black deposit on the leading edge and on the concave surface. Attack seemed most 
pronounced at the hottest regions of the blade (Figure 31.12). Figure 31.13 shews the general 
appearance of the attack in a badly affected region, and Figure 31.14 shews the detailed structure of the 
corrosion; Figure 31.15 shews the lighter-appearing phases in the metal ahead of the oxidation front. 
This darkened when etched in alkaline potassium permanganate, and a similar etching effect wasoobserved 
on nickel sulphide formed by covering a Nimonic 100 specimen with sulphur and oxidising at 870 C 
(the approximate blade operating tarperature) for two hours, renewing the sulphur every half hour. 
However, the morphology of the sulphides was felt to be different in the two cases. 

Data relating to this alloy will also be found in Tables 30-1 and 30-11. 



TABLK 31-X 

COMPARATIVE RtSISTANCL OF VRRXOUS ALDJYS, C3QATED 
AND UNCOATED, TO SULFUR ATTACK. (IIJ-M-3J.VN) 
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TABL£ 31-11 

SMftLL-SCAl£ CDMBUSTXON RIG TESTS. (BELCHER ET AL) 

AIR/FUEL RATIO: 40/1 

f#«l \<* 
!»*|wr 

•I»f* «i«* « 
vkf 11 kt 

Tt*l Hjin i men llr«uM«. In< Itelma \ »•* «if 
UlnW Nél»« 

5 «0 
<it»> 

* «0 
(IMO) 

T «0 
(16») 

« ta 
(17«) 

9 MO 
(IMO) 

» MO 
dt«) 

11 MO 
(II«) 

12 MO 
(IT«) 

Il MO 
<IT«> 

Avuikin KrunMNt (Avnw) (O.t) wikihi fin cini lULioai 

100 None 

100 Aviar sprayed on blad« »hile 
ranninp 2 ml/min a 2 5 »cighi 
per cent of main fuel How 

100 Aviar with 4 weight per cent tab 
far sprayed on blades as above 

K)0 Aviar with 4 weight per cent sulfur 
sprayed on blades as above 

100 I ml/gal of tetraethyl lead in fuel 

100 rig slopped hourly, blades im¬ 
mersed in Avtar 

100 rig stopped hourly, blades im 
mersed in Aviar + I weight per 
cent sulfur 

100 blades sprayed wilh 12 I weighl per 
cent solution of Nal'l at 2 ml/ 
min a NaCI at 0 4 weight per cent 
of fuel flow 

100 blades sprayed with 12 I weigh! per 
cent solution of CaCIi at 2 ml/ 
min ■ CaCIt a at 0.4 weight per 
cant of fuel flow 

Nimonic 100 blades machined, 
cleclrolytically polished, alu 
minmd, also Nimonic HA 
and W 

Nimonic «A, W and 1«) blades 

Nimonic 60A. 90 and 100 blades 

Nimonic OOA, 90 and 100 blades 

Nimonic NA, 90 and 100 blades 

Nimonic OOA, 90 and 100 blades 

Nimonic MA, 90 and 100 blades 

Nimonic MA, 90 and 100 blades 

Nimonic MA. 90 and 100 blades 

no attack. Nrf) and spinels on 
Nimonic 100, Cr/Oj on Nimonic 
MA and 90 

no attack 

no attack 

no attack 

pale green color on blades, NiO- 
CriOi spinel identilicd, no sultidc 
attack or unusual corrosion 

a few supcrlkial black spots on 
blades 

no attack 

severe sultide corrosion and inter¬ 
granular attack on all blades 

bulky while deposits and severe 
intergranular sulflde attack on 
all blades 

14. *50 
(IT«) 

15. M0 
(IT«) 

I*. *50 
(IT«) 

IT. 900 
(1650) 

Wiot Cur DismiaTi (0.5 wiiomt ran ctNt tuerta) 

100 2.T weight per cent aqueous NaCI 
aolulton sprayed into dilution air 
at 2 ml/min as (NaCl/fucI ratio 
of 100 ppm) 

100 rig slopped hourly; blades dipped 
in Avlur -f 0.1 weight per cent 
residual fuel 

100 none 

100 none 

two used Nimonic 100 blades, 
one with black plague, one 
without 

two used Nimonic 100 blades, 
one uiiti black plague, one 
without 

two used Nimonic ICO blades, 
one v.ith black plague, one 
without 

two used Nimonic ICO blades, 
one with black plague, one 
without 

some dark areas of accelerated 
scaling—not typical of black 
plague 

no attack on good blade; no exten¬ 
sion of attack on corroded blade 

no attack on good blade; no exten¬ 
sion of attack on corroded blade 

slight intensifleation of attack on 
corroded blade 

TAHTf. 31-III 

StftLL-SCAIE COMBUSTION RIG TESTS USING SODIUM CHLORIDE INJECTION 
IN D0WNSTFEAM AIR. (HETOffiR ET AL) 

AIR/FTJEL RATIO; 40/1 

T**i 
&• 

Tctl 
fterttiM, 

m 
Taatl 

Aviation KaaosiNg (0.1) (might na pint guinia) 

IK 

I« 

20 

21 

22 

2) 

24 

*51) 
' ISflfli 

6» 
Il560i 

no 
(1560) 

(16») 

*00 
(16») 

900 
'16») 

V« 
i IT«i 

100 

500 

200 

500 

500 

100 

2.T weight per cent aqueous NaCI 
solution injactcd into down¬ 
stream air at 2 ml/min ■ 100 ppm 
NaCI in fuel for 25 hr, then T5 hr 
with 0.2T weight per cent NaCI 
injection ■ 10 ppm NaCI in fuel 

0.02T weight per cent aqueous NaCI 
solution injected into down¬ 
stream air at 2 ml/min for flrst 
200 hr 

blades dipped in strong NaCI solu¬ 
tion and allowed to dry before 
test 

0 027 weighl percent aqueous NaCI 
solution injected ■ I ppm NaCI 
in fuel 

0.027 weight per cent aqueous NaCI 
solution injected ■ I ppm NaCI 
in fuel; rig Hopped every 25 hr 

0027 weighl per cent aqueous NaCI 
solution injected ■ I ppm NaCI 
in fuel, ekeept salt injection for 
only 25 hr in every K» hr 

continuous injection of0.027 weight 
per cent NaCI solution ■ I ppm 
NaCI in fuel 

I new Nimonic 100 blade; I Ni¬ 
monic 100 Made after IMO hr 
service without black plague 

I new Nimonic 100 Made; I Ni¬ 
monic 100 Made after 1)00 hr 
service without Mack plague 

I new Nimonic 100 blade; I Ni¬ 
monic 100 blade after IMO hr 
service without Mack plague 

I new Nimonic 100 Made; I Ni¬ 
monic 100 blade after IMO hr 
service without Mack plague 

5 bar specimens of Nunonv: 100 and 
105 

I new Nimonic 100 Made; I used 
Nimonic 100 blade 

4 Nimonic 105 blades: (a) new; (6) 
heated at 9»C (1740 F) in air 
for 1000 hr; (r) heated at 1000 C 
(II» F) in air for 100 hr; (d) 3052 
hr service without Mack plague 

both blades acatad heavily, tullidc 
attack, sat Fig. I) 

used Made showed signs of attack 
rather like Mack plague; traces 
of NesSOi on Mades 

no attack; no sodium compounds 
dettettd 

Mack plague attack reproduced on 
used blades, aae Figs. II and I); 
no sodium compounds deposited 

Mack plague on Nimonic 100 speci¬ 
mens; no sodium compounds 

¿rtTL, ** wnilar » 
Mack ptagwe, sac Fig. I); no 
sodium compounds deposited 

sec Fig 12; no sodium compounds 
deposited 



Figure 31.1 Distribution of 
sulphur attack on concave surface 
of a SlBonlc 100‘turbtne rotor 
blade (full site) (Llewellyn).

Figure 31.2. Transverse section of 
blade showing sulphur attack. (x250). 
(Llewellyn).
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Figure 31.3. Typical corroded 
blades (xl). (Belcher et al).

Figure 31.4. Cross section of 
blades with black plague (x2). 
(Belcher et al).
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Figure 31.5. Metallogrephlc features 
of black plague scale. (Belcher 
et al).
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Fifcur? 31.11 Section through M>100 
blade airfoil of Fig. 31.10. showing 
light gray Cr2S3 phase (bracket) 
preceding oxidation (xlOOO).
I'netched Reduced one third for 
reproduction. (Donachie et al).

Figure 31.12. The corrosion on the 
concave surface of a Nlmoalc 100 
flrst>stage turbine blade froa an 
Olyapus engine after 401 h running. 
(Salth et al).

r f

Figure 31.13. A section of a slailar 
blade to that shown in Figure 31.12 
showing the unetched structure In a 
badl> affected regi'>n.
(Salth et al). Figure 31.14. Part uf the field 

shoan In Figure 31.13. (x2SO).

Figure 31.15. Inneraoat layer of 
cunpounda. (xlOSO).
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Nimonic 105 

G. Llewellyn, Hot Oorrosion Problems Associated with Gas Turbines ASXM Special Technical Publication, 
SIP 421, 1967, 1. 

See Nincnic 100. Threshold tenperature 6h test, alternate SO./air, 45 min cycle, 800°C» 780°C in 
ocntact with carbcn; 1000 C Pack aluninised; vnaffected by carixn. * 

P.R. Belcher, R.J. Bird and R.W. Wilson, Hot Corrosion Problems Associated with Gas Turbines, ASTM Special 
Technical Publication (STP 421) 1967, pl23. 

See Nincnic 100 for details. There appears to be an incubation period: for Nimonic 105 no blades 
shew corrosion until they have been in service for lOOCh at 900 C. Examples of corroded Nimonic 105 blades 
are included in the Figures shewn under Nimonic 100« in particular, Figure 31.3 shews a blade corroded 
after 3675h service. This blade had been free fron oorrosion at 280Ch. Whereas sulphur was always present 
at th: interface on Nincnic 100 blades, it was present cnly in about half the corroded 106 blades. 
Attenpts were made to analyse specific sulphides in a Nimonic 105 blade, although it is erphasized 
that these results must be treated with caution because of the smell size of the particles. Nevertheless, 
the authors conclude that the amounts of chranivm are insufficient to account for all the sulphur as 
ch rani on sulphide: 

Inclusion : 
Sulphur 
Chranivm 
Nickel 

1 
25 
18 
58 

2 
32 
14 
53 

3 
24 
13 
64 

(all wtt) 

Table 31-III presents the results of a nvmber of rig tests: test No. 24 was a number of Nimonic 106 
blades : (a) new, (b) heated in air at 950°C for lOOOh; (c) heated at 1000°C in air for 100h; 
service without black plague. 
10Ch with continuous injection of NaCl equivalent to 1 ppm in the fuel, 
deposited on the blades. 

(d) 2052h 
The test was with aviation keroeine containing 0.13 wt I S, at 950°C, for 

No sodium conpounds were 

J.F.G. Conde, paper to Conference on Naval Materials: Current and Future Problone. Rayai Naval Engineering 
College, Manadon, July 1970. 

Figure 32.1 shews a "typical example" of a badly corroded pack alvminisad Nimonic 105 first stage 
turbine blade after only 600h operation (in an industrial Proteus engine (?) text is not very clear), and 
ampares it with a pack aliminised X-40 blade. Figure 32.2 shews the performance of pack alunlniaad 
Nimonic 105 first stage and plain uncoated Nimonic 105 second stage turbine blades in a test on a Proteus 
engine for 1000h with 0.01 ppm NaCl in the air. 

Figure 32.3 illustrates the structure found on the trailing edge of a pack alvminisad Nimonic 106 turbine 
blade. The attack is normally characterized by a deposit covering a heavy scale layer which overlies a 
part-oxidised layer containing some sulphide. The adjacent metallic zone contains a discrete grey globular 
phase vhich is usually identified as chromium sulphide. The surface deposits have usually bean idwtifiad 
as sodium sulphate, and sodium chloride has only been positively established on rare ocoasicns. 

E. Erdfts, in "Deposition and Corrosion in Gas Turbines", A.B. Hart and A.J.B. Cutler (ede.) (Applied Science 
Publishers, London 1973) 115. 

See 713C for details. Figure 32.4 shews a section of a Nimonic 105 specimen sulphidised in S- 
vapour for 96h at 800 C, and Figure 32.5 shews the corresponding electron micropzobe photographs (dark 
signifies high concentration). TVo sulphides are present: Cr-Ti-S (Qr^) and Cr-Al-S. 

R.C. Hurst, J.B. Johnson, M. Davies and P. Hancock, in "Deposition and Corrosion in Gas Turbinas", A.B. Hart 
and A.J.B. Cutler (eds.), (Applied Science Publisherr, London 1973) 143. 

See Nimonic 90 for details. 

A.J.B. Cutler and C.J. Grant, in "Deposition and Corrosion in Gas Turbines" A.B. Hart aid A.J.B. Cutler (ede.) 
(Applied Science Publishers London, 1973) 178. 

See IN 738 for details. Nimonic 105 corroded appreciably asee slowly than Nimonic 115 or Nimonic 90, 
and only a little faster than X-40 (in Li/Na/TC sulphate at TïrC). 

P.L. Norman and J.D. Hare ton, in "Deposition and Corrosion in Gas Turbinas” A.B. Hart and A.J.B. Cutler 
(eds.), (Applied Science Publishers, London, 1973) 260. 

See Nimonic 8QA. Nimonic 105 was one of the poorest alloys testad in the salt-apray test. Figure 
32.6 conpares the general behaviour of the alloys as a fvnetien of fpareture: the oorrosion of 106 Increase« 
progressively with tanperature, vzulika most of the other alleys which adtibit a maxim > in attack at about 
800 C. 

J.F.G. Conde and G.C. Booth, in "Deposition and Oorrosion In Gas Turbinas" A.B. Hart and A.J.B. Cutler (ede.), 
(Applied Science Publishers, London, 1973) 278. 
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Ulis paper describes the AML lew-pressure test rig which bums fuel to DEF 2402 B with a 
sulphur content of 0.5%, and < 0.03 ppm chloride. TWo specimen assemblies are used: one has blade- 
type specimens mounted in a cascade, and the second 6.35 im cylimiers 43.5 irm long in a routing test 
marfaer, in a test stand routing at 16 rpm. Blade specimens are cooled to 300¾ every 20b during the 
it?* specimens are cooled 1¾1 switching off the rig every 25h. Specimens were removed at 50, 100, 
¡30, and 20Ch, and the corrosion evaluated, usually by ireUllografhy, but also by descaling in some cases. 
The salt content was typically 0.1 H*n in the air, and the gas velocity at the test section was 365 m/sec. 

Figure 32.7(a) shews a Nimonic 105 specimen corroded in the rig, exhibiting deep pitting-type 
an(* 32.7(b) shews a section of a Nimonic 105 blade fron an engine with very similar form of 

attack. Figure 32.8 similarly conparee two pack-aluninised Nimonic 105 specimens. 

The attack was most severe on the leading edge and on the pressure surface near the trailing edge. 
The suction surface was glared with a coating of sulphaU with Na^Mg/Ca in the ratio 4/2/1 conpared with 
Ue ratio 35/4/1 in sea-salt. The amount of the chloride was 10 J of the sulphur present in the deposit. 
The authors content that the dependence of attack on position suggests that the mechanism depends either on 
the inpaction of solids or on thinning of the molten salt deposits by gas turbulence to aid reaction. 

i 4 a°rr°4on data at 850°C for vmooated 105 , 90, Mar-M 432 and IN 738, and pack- 

S, ^ÏÏ^Ld°iN 738.”^ 432* NljnDniC 105 was tf* of the vmooated alleys, follcwed 

.,, 31‘9 showB tb® results of a cyclic test at 750°C for 200h for rod specimens of X-40, 
Nimonic 90, and Nimonic 105. X-40 and Nimonic 90 were about the same, Nimcnic 105 five times worse. 

for a6'««1 aiicys tested at 830°C for 200h (X-40, Nironic 90, Fulrer 2C, 
FSX 414, FSX 418, IN 597 and IN 853 or more or less in order of increasing corrosion. 

P.C. Felix, in "Deposition and Corrosion in Gas Turbines" A.B. 
(Applied Science Publishers, London, 1973) 331. 

See 713C for details. 

Hart and A.J.B. Cutler, (eds.). 

K. Page and R.J. Taylor, in "Deposition and Corrosion in Gas Turbines", A.B. 
(Applied Science Publishers, London, 1973) 350. 

Hart and A.J.B. Cutler (eds.), 

BUs paper describes Bolls Boyce experience in engines in environssnts pranoting corrosion. At the 
£Í!!!L'¡*'^rj?er?J!eiVÍ0? first adopted for marine service the most ccmnon blade material was 
Nimonic 105» the nozzle guide vanes were X-40 and C 242. All blades and vanes in the critical positions 
are pack aluninised to thickness limits of 0.0007 - 0.0015 in. ^ 

Figure 32.11 shews X-40 and Nimonic 1C5 blades from a Proteus test stand engine run 975h with 0.6 pan 
salt in tee fuel with a maxirun blade retal temperature of 870°C. Figure 32.12 shows X-40 blades from a 
hovercraft Proteus after 1525h running with a blade metal tenperature of 850¾ max. and Nircnic 105 
blades, alBO fron a hovercraft Proteus after 1260h operation at the same tenperature - the nickel alloy is 
mich more heavilyattacked than the cobalt alloy. Figure 32.13 oorpares Nimonic 105 and G64 blades after 

2?3?? industrial, Proteus ^ a salt environment with a maxirun turbine inlet tenperature 
of 875 C. The G 64 blades are mich less heavily corroded than the Nimonic 105. 

d2,i4 “"Pff63 general attack of the concave surface observed in marine applications 
850¾ With ^ wart_like growths in land-based industrial applications (1022h). Blade maximum tenperature 

io °ften increases with increasing taiperat-ure profiles un the blades. Figure 
32.15 shews that this is not always so on Nimonic 105 blades fron a Proteus industrial engine after 576h. 

The authors state that where salt levels in the fuel have exceeded 0.6 ppm sodiun in industrial 
^pUcatlons, sulphidation of turbine blading has been severe. On marine shore trials where salt is introduced 

hasbero te^evere’01 ^ ^ ^ 016 ^ to 0.25 ppm sodiun in the fuel) the oorrosion 

HoverclifTL*«« eXa^leS 0,1 aluninised Nimonic 105 blades from a 
Hovercraft Proteus after 1260h operation with naxirun blade metal tenperature of 850¾. 

UJ0.C?“t 00016x1 blades "»de fren» mateiials with a reasonable corrosion 
surf®?e mtal tenperature limited to a maximun of 825°C. The blade material selected 

cn the basis of laboratory and corrosion rig tests is IN 738, with Mar-M 432 as an alternative. 

_0Drbustor ri9 was used* with 7 nrn diameter rod specimens mounted in an 
assenbly rotated at 1300 rpn in the gas stream. 4 ppm sea salt sprayed into the air before ccnfcustion. Fuel 
md .^855 2869, ^ 738» MarwM 432 and U 700 were the candidate materials with Nimonic 90 
and Nimonic 105 Included as oenparators. Figure 32.17 and 32.18 show the results for 820 and 870¾. 

SttSThtehS all0vs were generally more heavily attacked than the uncoated: 
all3? ^ ^ resistant. Ihcoated Ninonic 105 was much nore 

thei°^r filoy* at both tenperature. Figure 32.19 shews the results of earlier tests 
Such ^teTatt£k1X,Lrf“wi£h 4 P*" 8alt lnJectlon at 870¾. these ware quite different, with a 

79° appea5in9 very P001* Nimonic 105 very good. Figure 32.20 shows data 
from tee sane series of experiments as a function of tenperature. 



The authors consider that in the newer tests Nincnic 105 appeared to exhibit an incubation 
period of 100h or so, and that the tarperature of maxinun attack was rather less th» 81CrC. 

At Bristol, the principal objective has been testing coatings for Miltonic 105, but other iraterials 
are being evaluated as well* The test consists of threee furnace cycles of 18h each at 850 C on spec linens 
that are first washed and weighed and tien coated with 1 mg/an Na-SO. prior to each cycle. This is 
followed by 72h at 850 C and finally cleaning by blasting with fine alunira abrasive. The cycle is 
repeated until the coating shews signs of failure. Additional furnace tests at 850 C have been carried 
out using an alternative procedure in which the application of sodiun chloride replaces erosion as the 
means of removing the protective scale. Lew pressure burner rigs using 10 ppn salt in the air have also 
been conducted. The results of the programe are listed in Table 32.11. Figure 32.21 shows cross- 
sections of specimens fror, the tests. 

The third series of tests were performed at AML in a low pressure oorbustion rig using Diesofuel and 
with 0.1 Ran sea salt injected in the air. The gas velocity was 1200 ft/sec, and tests were at 850¾ for 
200h. The average weight loss for unooated specimens was: IN 738, 0.297gj Mar-M 432, 0.122gj Nimonic 
90, 0.094g; Nimonic 105 , 0.091g. 

Rolls-Royce Laboratory Report M 13092 (Dec. 1963) 

This reports an examination of first-stage turbine blades fron a Spey engine after 387 h of 
an ajtenpted 1000h service simulation run. The blades were subjected to high temperatures (trailing edge 950- 
1000 C) due to a blocked burner after 256h. There was a considerable loss of section at the leading 
edge - estimated to be at least 0.005 in. The maxiirun thickness of oxide at this point was 0.004 in. The 
trailing edge (concave side) had also suffered considerable damage:0.007 in of oxide rpmainad.nanai^ 0f 
tneunusual severity of corrosion, atmospheric influence noted at the bottan of Report M 13496 is 

Rolls-Royce Laboratory Report A 13496 (Aug. 1964). 

A simiiar report of blades fron a Spey engine after 622 h of a 1000 h simulated Trident flight, 
test, yiis test consisted of 60 cycles at 984 C flame temperature, 234 cycles at 1029¾. and 40 cycles 
at 1165 C flame temperature. Cross-sections shewed an outer layer of oxide, an inner layer of mixed oxide 
and metal, and finally a chromium depleted, white layer in the metal. Detailed examination of this 
shewed severe intergranular attack containing particles of chrcr'vm sulphide. The structure of the nincnic 
itself suggested that the blade température had not been significantly above 950¾. The depth of corrosion 
remaining on the leading and trailing edges was about 0.013 in., and approximately 0.013 in metal had 
apparently been removed. Because of the relatively low temperature, it is thought that the cyclic conditions 
were important in inducing the oorrosion. The source of the sulphur is believed to be chanlcal 
used by farmers in fields adjacent to the test establishment. 

Rolls Royce Laboratory Report M 13300 (March 1964) 

This reports corrosion on HP blades fron Tyne engines after 2750 and 3400h aircraft operations. 
The oorrosion was predominantly at the leading edge on both upper and lower surfaces, and again the fom 
of attack involved grain boundary penetration of the depleted layer with associated chromium sulphides. 

E.G. Roberts, Rolls-Royce Laboratory Report LE 71/18 (Jan. 1971). 

ax>* oorrosion of Nimonic 105 rotor blades fron an Olympus industrial/foarine turbine. Notes that 
attack is more prevalent in the 75O90CPC range. Figure 32.22 shows a tvoical blade after service exnosure 
in a sulphate and chloride containing atmosphere, a local area of heavy scale being apparent at the concave 
trailing edge. Figure 32.23 shews a microsection of this, with a chromium sulphide containing layer 
adjacent to the unaffected metal. The author notes that once formed this sulphide layer is self-sustaining, 
and will advance through the metal at temperature without further sulphate/chloride exposure. Generally 
oorros^on takes the form of heavy local scaling of the concave form, but in the most aggressive environments 
the ocncave fom can develope wart-like growths, which is where a low-melting point "flux" has been formed. 
Figure 32.24 shows Proteus blades exhibiting this form of attack. 

E. G. Roberts, Rolls-Royce laboratory Report L£ 71/11 (April 1971). 

This report dlscusees the corrosion of pack alvxninised Nimonic 105 blades and pack X.40 
v??e^ i*®1 * P*ot*u* marine engine run on a test bed at Pyestock for a total of 692h. Salt had been' 
~~ fue* '*Dunt given) and this had resulted in catastrophic "crater-flux" type sulrhid- 
aticn. wlth metal removal to a depth of the order of 0.040 in on both concave and convex farm« and 
disintegration of the trailing edge in the worst cases. The author notes that this type of attack has 
k®“1 fxpgffence on land-based sets (e.g. Las Palmas) whereas marine environments have produced 
catastrophic sulphur assisted oxidation” although the Hovercraft may prove tte exception. He considers 
fr40 ai^uTrr!“***?*** ^ «option of the low melting point Ni - Ni3S2 eutectic. The 
X 40 segments suffered little attack, apart from preferential carbide oxidation after the aluninised 
coating had gone. The author notes that on the Nimonic 105 blades "It was possible to see on sane 
blades how oorrosion progressed with quite distinct 'flux’ fingers running towards the shroud obviously 
under centrifugal influence . Figure 32.26 shews a characteristic "sulphidation" (hot-corrosion) 

S'SSSÏy tST-^tïcS^1^ breakdown » ««ll bridge of flux, which 
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J. F. G. Ccnde, Gas Turbine Materials Ccnferanœ Prooeedings, Naval Air System Camand, Washington 
(1972) 17• 

Figure 32.28shews a section of a pack aluninised Nimonic 115 first stage turbine blade rvn for 
951 h with, for the last 409h, 0.01 ppn salt in the air and 0.6 ppn aodiuti in the fuel. The 
tenperature was 870 C. 

Holls-Itoyae (1971) Ltd. 

Corrosion data fron a small burner rig is shown under 713C. 

Data relating to this alloy will also be forod in the 
10.92, 10.100, 10.125, 10.126, 14.6, 14.8, 14.9, 

and Tablesi 
10-XXV11, 10-MC1X, 30-1, 30-11, 31-1, 31-111. 

following Figures: 
14.10, 31.3, 31.4, 31.5, 31.6, 31.7, 31.8, 31.9; 
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TABU! 32-1 

RESULTS ON AEROFOIL SECTIONS 8SO°C 0.1 PPM SALT (COBB AND BOOTH) 

Uncoated material Weight loss, g Average 

Nimonic 105 
Niironic 90 
Mar M432 
IN 730 

0.066, 0.052, 0.044 0.05 
0.093, 0.066 0.00 
0.114, 0.102 0.11 
0.400, 0.211, 0.202, 0.122, 0.103 0.22 

Note: In this experiment the Nimonic 105 did not suffer fron pitting attack. 
Pack-alumirvised material 
IN 730 Coating attacked but not penetrated 
Nimonic 105 Two isolated penetrations of coating 
Mar M432 Coating lost over 12 nm length 

TABU 32-11 

ROLLS ROYCE BRISTOL lABORATOKf WORK. MERIT RATING OF 
MATERIALS/CQATINGS FROM RESULTS TO DATE (PAGE AND TAYLOR) 

Xluti i ml entiling I -5 -20 
thou 

Sodium sulphalrl 
oration 850 C 
coaling Ufe h 

Sodium tulphale 
todium chloride 
8S0°C coaling 

life h 

BED burner rig 
( \0 ppm sail Y 
VO X depth of 

penetration 
in 400 h than 

M05 P: AMLDC 2) 
X 40 P AI 
X 40 Cr AI (H I .15) 
NI05 Ti-Cr-AI 
IN 587 P.AI 
NI05 Cr-AI (H I.IS) 
IN 7.18 P AI 
NI05 CoCfAlY (V*c. Hyd 

slurry» 
NlOSlCrl AKMDC70I) 
M412 P AI 
NI05 Cr-Mn-AI 
NI05 Mn Si AI 
NIOS P.AI 
NII5P.AI 

I 500 
I 500 125 
1 250 375 + 

I 250 I 500 375 
I 250 125 
I 250 250 

I 000-1 250 125 

500 I 000 
875 I 000 
875-1000 125 

875 
750^875 
500-625 

500 

0-8 

11 

M 
12 

Injected as Portland tea water supplied by the Admiralty Materials Laboratory. 



Flfurr 32.1. (•) Corroded peck
aluBlnlsed Nlaonlc 105 flret stage 
turbine blade after 600 hra. operation.

(b) Experlaental pack 
aluBlnlaed Cast X40 first stage 
turbine blade froa test engine after 
1,000 hrs. with 0.01 ppsi NaCl In 
air. .vonde).

Figure 32.2. Corroded first row 
(a) and second roa (b) turbine blades 
froB Proteus engine test after 
1,000 hrs. with 0.01 ppB NaCl In air
(a) Pack alualnled Maonlc 105.
(b) Maonlc 105.
(Conde).

Figure 32.3. Vetallographic 
features of hot corrosion on pack 
aluBilnlsed Niaonic 105 turbine blade 
trailing edge. (Conde)

Figure 32.4. NiBonlc 105 96 h/ 
BOO^C/Sj. (X400). (Erdoea).





?" 

Ä40 *••• MIOS 

Flfur« 33.9. Hlatograa «bowing 
ranultf of • cyclic teat carried out 
at 780 C (or 300 br. (Coada and 
Booth). 
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llfur« 32.10. Nlstograa shoving 
results of a cyclic taat carried out 
at 830 C for 200 h. (Conda and 
Booth). 
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Figure 32.13. Proteus engine HP 
blades after 2000 h in salt 
environaent »ith a ■aximua turbine 
inlet temperature of 875°C. (Page 
and Taylor).
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Figure 32.IS. Proteus engine - HP 
blsde NIOS corroded reaote froB 
BsxlBUB tenpersture profile on bind* 
aerofoil - industrial operation. 
(Page and Taylor).

Figure 32.14. Proteus engine - 
coBparlson of 'aarlne' and 
'Industrial' corrosion on HP turbine 
blading - ISOO b. (Page and Taylor).



m Figure 32.16. Protvua engine - 
further evidence of effect of pack 
aluBlnlslng layer thlckneaa on 
ProteuB engine Hovercraft application, 
1500 h - 1M5°K (Page and Taylor).
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Figure 32.17. Corroalon realatance 
of aaterlala, uncoated, pack 
alualnlaed - 820°C - conbuatlon rig. 
(Page and Taylor).
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Figure 32.18. Corroalon realatance 
of naterlala, unconted, pack 
alunlnlaed - 870°C - conbuatlon rig.
(Page and Taylor).

Figure 32.19. Corroalon realatance 
of naterlala, uncoated, relative to 
tine and over a range of tenperature 
conbuatlon rig. (Page and Taylor).

Figure 32.20. Corroalon realata- 
of naterlala, uncoated, relative to 
tine and over a range of tenperaturen, 
conbuatlon rig. (Page and Taylor).
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Figure 32.22. A peck-alualn1ced 
Nimonic 105 blade froB an Olynpua 
ergloe exhibiting hot ecrroaion. 
(Roberta).

Figure 32.21. Micro aectioos of 
pack aluBlnlaed M05. M432, IN 73R - 
RR Brlatol Laboratory Lo» Presaure 
Burner Rig 850°C - 10 ppa aalt.
(Page and Taylor). ler

Gl
figure 32.24. ttart-llke grovtha on 
Nlnonlc 109 Proteua bladea. 
(Roberta).

Figure 32 33. A section ol the 
blade shoan In Figure 32.33, shoving 
chroBiuB sulphides. (X400). 
(Roberta).

Figure 32 23. Oxidation of carbides 
In an X-40 atator blade froa an 
Olyapus engine. (Roberta).



Figure 32.26. A sect Ion of a park- 
alualnlaed Nlaonlc lOS blade froa 
a marine Proteua after 682h running 
alth Bait in the fuel. There aaa 
cataatrophlc crater-flua type 
attack, thla aectlon ahuwa chroaiua 
sulpbidea In the aetal. (X120).

(Roberts).

Figure 32.27. A section from the 
saae blade as that shown In 
Figure 32.26, through a "finger" 
extending froa a crater, showing 
loaplete local envelope breakdown 
under a saall bridge of flux, 
which la probably the N1-NI3S2 
eutectic.

Figure 32.28. Pack-alualnised 
Nlaonlc IIS. 1st stage. Turbine 
blade run for 951 h with last 
409 h 0 01 ppa salt In air and 
0.6 ppa sodlua In fuel. Peak

teaperaturc 870 C. 
(Conde).

X 375.
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Nlncnic 115 

A.J.B. Cutler and C.J. Grant, in "Deposition and Corrosion in Gas Turbines" A.B. Hart and A.J.B. Cutler 
(eds.), (Applied Scienoe Publishers, London, 1973) 78. 

See IN 738 for details. Nimcnic 115 corroded slower than Nimonic 90, but more rapidly than 
Nimcnic 105 in Li/tta/K sulphates at 727 C in 1 atan 0- + 3.23 x 10 * atm SO.. Figure 33.1 shows the 
protection afforded by an alixninised coating to 115. Nimonic 115 specimens farmed a relatively thick 
layer of aorrosicn product cn the ends of the rectangular (10 x 3 x 2 mu'1) specimens, but a relatively 
thin layer over the rest of the specimen. 

J. Billingham, J. Lauridsen, R.E. Lawn and M. A. P. Dewey, in "Deposition and Corrosion in Gas Turbines" 
A. B. Hart and A. J. B. Cutler (eds.), (Applied Science Publishers, London, 1973) 229. 

This paper is concerned with the optimisation of the Ti/Al ratio in a nickel-base superalloy. 
The basis ccnposition appears identical with Nimonic 115- the 71 content is varied fron 1.5 to 8.3 
(base composition 41) and the A1 from 1.7 and ’.5% (base composition 5%), the total being 9» for five 
alloys, 10% for two. The aorrosicn resistance was evaluated over the temperature range 800 - 950°C 
using a simple laboratory salt-spray test. The resistance to hot-salt corrosion attack increases as 
the Ti/Al ratio increases in the range 0.5 - 5.0. 

K. Page and R. J. Taylor in "DeposiUon and Corrosion in Gas Turbines" A. B. Hart and A. J. B. Cutler 
(eds.), (Applied Science Publishers, London, 1973) 350. 

See Nimonic 105 for details. Figure 33.2 shews pack aluninised Nimonic 115 blacha from an 
industrial Avon engine after 1900 running hours with a maximun operating turbine entry temperature of 
900 C with high levels of salt in the fuel shoeing the "wart-like growths" characteristic of industrial 
turbine corrosion. Figure 33.3 shews pack aluninised Nimonic 115 blades from a marin« Olympus engine 
after 951h shore trials, 409h with salt injection: 0.01 ppm salt in the air plus 0.6 ppn salt in the fuel. 
The blade metal temperature was 880°C max (turbine entry temperature 950°C). 

Rolls-Royce (1971) Ltd. 

Hot corrosion data from a small burner rig is shown «mder 713C. 

Data relating to this alloy will also be found in the following Figures: 
10125, 10.126, 14.6; 

and in Table 31-1. 
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Flfure 33.1. Corrosion data for 
MBonlc 115 and 'Alualnlaed' Nlaonlc 
115 In Bolten aulphatr at lOOOK. 
(82.51 of the surface area of the 
alualnlaed saaple was covered by the 
aluBlnlslng layer.) (Cutler and 
Grant).

•\f . \ I ► ■ >l:M

SfAjHEii
row r \ I *

Figure 33.2. Industrial Avon - 
corrosion at 19(» h on N115 HP blade, 
pack alualnlaed with high levels of 
salt In fuel - aaxlaua operating 
entry teaperature 1170°K. (Page 
and Taylor).

^^1

Figure 33.3. Olyapus engine - aarlne 
.shore trials at 1225°K turbine entry 
teaperature. Corrosion at 1000 h, 
with coaparlson between thin and 
thick pack alualnlalng (0.0007 in 
to 0.0015 In) respectively.
Material N115. (Page and Taylor).
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PDRL 161 

J. J. Malten (AVOO/lytxmlng Division) Technical Report to the Air Fbrce Materials Laboratorv, Wriaht- 
Pattenon Air Parce Base AFML-TH-67-297 (Sept. 1967). i^wracory, wrignt 

Extended suimaxy in B1900. PDRL 161 is one of a group of alloys described as having "poor 
^ ^ ^ «ere 713c7713LC aS PDRL 162. IhiT^r Romance 

ofHOT. 161 is rather surprising in view of its high chraniun content. X-ray analyses of the corrosion 
products found on the trailing edge after 40h rig testing for PDRL 161 showed in orto of pndcSS 

- 8*24 *** trace of CrO The products after 12Ch tesU^STSe 
irL2totrÍ2L^f™ ^ there was a little more Cr,0 . The corrosion proton found 

ffT t^t had undergone sulphidation attic* in a 120h test were NiO, a spinel 
^ J:2? ^tb d “ 3.33* 1.76 and 1.72¾. Microprobe analysis of the 
depleted metal zone was 95.51 Ni, 0.8* Or, 0.7* Mo, 2.8* Al, 0.02» Ti and 0.1* N). 

_ , 34fb®« the oorrosion of PDRL 161 tested using JP-4 fuel and a salt-to-air ratio of 8 ran 
as a function of tanperature. Figure 34.2, JP-4, 4 ppm salt. Figure 34.3 ; JP-4R, 8 pan salt. ^ 
Figure 34.4» JP-4R, 4 ppm salt. Figure 34.5» JP-5, 8 ppm salt. 

Data relating to this alloy will also be found in the following Figures» 
1-1, 1-7, 1-8» 

and Tables: 
1-1, l-II, 1-V, 1-VI, 1-VII, 1-VIII, 1-IX. 



W»“ ,ffi 

Figura 34.1. Corroalou as a function 
of tsapsraturs ter FOHL 131 taatad 
using JP-4 fual with a Salt/Air 
Ratio of 3 ppa. (Walters). 

Figura 34.t. Corroalou aa a function 
of taaparatura for FHU. 131 taatad 
using JF-4 fual with Ralt/Alr 
Ratio of 4 ppa. (Walters). 

Figura 34.3. Corroaloa aa a function 
of taaparatura ter FURL 131 using 
JF-4R fuel with a Ralt/Alr Ratio 
of 3 ppa. (Walters). 
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Figur« 34.4. Corroalon «a a function 

of taaparatura for PDRL 161 ualng 

JP-4R fuel with a Salt/Air Ratio 
of 4 ppa. («altara). 
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Figure 34.S. Corroalon aa a function 

of temperature for PDRL 161 teated 
ualng JP-5 fuel (0.16%S) with a Salt/ 

Air Ratio of 8 ppa. («altera). 
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PDRL 162 

J. J. Walters (AVCOAyocming Division) Technical Report to the Air Force Materials laboratory, Wright- 
Patterson Air Force Base AFMLrTR-67-297 (September 1967). 

Extended sumary in B1900. PDRL 162 is one of a group of alleys described as having "poor 
resistance to attack" - the others in this groip were 713C, 7131£ and PD^ 162. 
corrosion products found on the trailing edge after 40h rig testing detected for PDRL 162, in order of 
predeminanoe, a spinel with ao = 8.15 8, NiO, a trace of Al.O , plus an unknown phase. The Phas^ 
present after 120h testing wäe the sane spinel, NiO, AlOj, Cr,^, plus an unknown P^e- ^ P11356 
present in powder renoyed fron an area which had undergone sulpnioation attach in a 1^\ f 
spinel with a = 8.20 8, NiO, plus an unknown phase with d = 3.40 , 2.34 A. f 
the depleted Region in the rnetal was 94.21 Ni, 0.4% Or, 0.9% Mo, 2.4% Al, 0% Ti, 1.3% W, 0% Oo and 
1.0% Ta. 

Figure 35.1 shows the corrosion of PDRL 162 as a funcUon of temperature using JP-4 fuel with 
8 ppm salt in the air. Figure 35.2» JP-4, 4 ppm salt. Figure 35.3; JP-4R, 8 ppn salt. Figure 35.4? 
JP-4R, 4 ppm salt. Figure 35.5; JP-5, 8 ppm salt. 

Data relating to this alloy will also be found in the following Figures: 
1.1 and 1.7 

and Tables: 
1-1, l-II, 1-V, l-vx, 1-VII, 1-VIII, 1-IX. 



34: 

Figure 39.1. Corrosion a function 
of teaperature for PDRL 162 testad 

using JP-4 fuel with a Salt/Air Ratio 
of 8 ppn. (Waltera). 

Figure 35.2. Corroaion aa a function 

of teaperature for PDRL 162 tasted 
using JP-4 fuel with a Salt/Air Ratio 
of 4 ppa. (Walters). 

Figura 36.3. Corroaion aa a function 
of taaperaturo for PDRL 162 using 

JP-4R fuel with a Ralt/Alr Ratio of 
• ppa. (Waltora). 



....■■•■"•TO" 

Figur» 3S.4. Corroalon •• • function 
of tonpornturo for PDRL 163 using 
JP-41 fusl with n Salt/Air Ratio of 
4 ppn. (Raltsrs). 

Figuro 36.6. Corrosion as a function of tonpsraturo for PDRL 162 
tostad using JP-5 fusl (0.1618) with a Salt/Air Ratio of g ppn. 
(»altars). 
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PDRL 163 

L. D. Graham, J. 0. Gadd and R. J. Qulgg, Hot Corrosion Problems Associated with Gas Turbinas, ASM 
Special Technical Publication, STF 421, 1967, 105 

See 713C for details. PDRL 163 loses approx. 0.3g in crucible test at 982°C, 1.2g in tWV 
rig test at 900°C. Ccnparable, but not as bad as 713C. Ranking makes it worse than U-700, better 
than 71X, comparable to IN 100. Attack is increased for 1600 to 1800F, decreased 180C to 200CF. 

K. H. Ryan, J. R. Kilsdig and P. E. Hamilton (Allison Division of General Motors) Technical Report to 
Wright-Patterson AFB, Air Fbrce Materials laboratory AFML-TR-67-306 (August 1967). 

The alloys were tested in the as-cast condition, and as heat-treated by the following procedures 
held for 2h at 210QF in vacuun, oooled rapidly, followed by 4h at 1950^ in vacuum followed by rapid 
cooling, and finally 16h at 1400%, air cool. The alloys were cast into test specimens the same shape 
as a T56 turbine blade. The test consisted of heating 16 blades, rotating at 1800 rpn in a furnace to 
a pre-selected temperature, after which the entire unit was retracted into a cooling chanter. Here it 
was sprayed with an aspirated solution of deionised water and 1% sulphate ion supplied as water soluble 
sodium sulphate. A cycle consisted of 1.5 min heating time and 0.5 min cooling. A standard test 
consisted of 500 cycles. The exhaust gas in the furnace was relatively low in oxygen, varying from 
6-10% at 1700°F to 0 - 1% at 2000°F. Ttest tarperatures were 1700, 1750, 1800, 1850, 1900 and 2000 F 

(927, 955, 982, 1010, 1038 and 1093°C). Temperature patterns as a function of position on the blade 
and time in the heating cycle were determined by a variety of techniques. Blades were weighed prior 
to testing and cathodically cleaned and reweighed after testing. Density determinations were made on 
each alloy and weight losses converted to volume losses. Statistical analysis was then applied to the 
results to compare the allays tested (PDRL 163, IN 728 NX, 713C + Cr, 713C + Cr Y, Mar M 421, 713C, 
IN-100, Inoo 717, (MR 235, Mar M 246). The results are presented in Tables 36.1, 36.11, 36.111, 36-IV, 
and 36.V, and in Figures 36.1 and 36.2. PDRL 16? and IN 728 I« showed significantly better resistance 
to hot oorrosion than all the other alloys through 1850°F (1010°C). The corrosion severity increases 
progressively with increasing temperature. The effect of heat-treatment is shewn in Figure 36.3: 
the effect on PDRL (as on most of the alloys) is negligible. Figure 36.4 shews the volume loss as a 
function of test temperature for as cast and heat-treated PDRL 163. Tables 36-VI through 36-XI list 
the volume loss data fox all the alloys. Figure 36.5 shows the alloy corrosion at the blade tip as a 
function of test temperature for all the alloys: again PDRL 163 appears to be one of the best allays. 
The data are listed in Table 36-XI I. Figures 36.5, 36.7 shews an optical evaluation of oorrosion 
severity for all the alleys. 

The data were then subjected to a regression analysis in terms of the chemical compositions of the 
alloys. It was concluded for the as-cast alloys that (1) increasing the weight per cent of Cr or A1 
in an alloy will reduce the volume loss due to hot corrosion: (2) increasing the weight per cent W or 
Mo in an alloy will produce greater volume loss; (3) increasing the temperature will increase volume 
loss. Figure 36.8 shows the effect of Cr, W, Al, and Mo as indicated by the regression analysis. 
Figure 36.9 shews the comparison of the measured volume loss for PDRL If as a function of terneratu»- 
with the loss predicted by the regression equation: logio (volume loss) 5.85238 x icr9 t3 - 1.33860 x 
10-5 t2 + 6.32837 x KT2 w/o W + 8.63834 x l<r2 w/0 Mo - 6.77702 x 1CT2 Vo Cr - 8.982 x 10r2 
w/o Al + 11.2807. 

For all the alloys metallography suggested that the oorrosion area could be divided into three 
general zones: (1) an outer layer of oontinuous oxide on the surface which gradually graded into an 
area of mixed metal and oxide; (2) a layer of depleted metal: (3) globular sulphide particles. 
These generally formed a line between the depleted zone and the natrix but occasionally a selective 

grain boundary attack preceded the frontal row of suilphides. Micrographs are shewn of 713C and 717, 
but none of PDRL 163. 

J. J. Walters (AVOO/Lyooming Division) Technical Report to the Air Force Materials Laboratory, 
Wright-Patterson Air Force Base, AfWL-TR-67-297 (September 1967). 

See B 1900 for summary. PDRL 163 is not one of the alloys studied in the programe, but Figure 
10.1 (see 713C) compares the performance of four alloys, including PDRL 163, in a 12Qh test in the AVADO 
Lycoming envirormental rig with 6 ppn salt and 60 and 90h engine tests with Ippn salt in the air. The 
diagram is taken from a paper by F. J. St. John, W.A. Rentz and W. R. Freeman, Jr., presented to the 
Sixth Annual National Conference on Aircraft and Prcpuilsion Systems, September 1966. PDRL 163 seemed 
rather better than, but comparable with, 713C. 

R. Viswanathan, Corrosion 24 (1968) 359. 

2 
See 713C for details. PDRL 163 was one of the best alloys tested, losing only 1.3 mg/cm in 

150h at 1500°F (866°C) ; 97.4% of the alloy was unaffected. Better than Vbspalloy or U-500; comparable 
to GW 235. 



field, D. J. Fisk and II. van E. Doering, Naval Ship Research and Develcprcnt Centre, Materials 
Laboratory Research and Developnent Report 2833 (January 1969). 

345 

See 71X. 

R. W. Ilardt, J. R. Garbino, and P. A. Bergman, Hot Corrosion Problans Associated with Gas Turbines, 
ASTM Special Technical Publication, STÏ 421, 1967, 64. 

This paper is oonoemed witn a study of the hot corrosion mechanism in relation to the developnent 
of alleys for marine service. A anall burner rig was used (1% S diesel oil, 200 ppn salt in the air, 
lOCh tegts). qTIic t>c nickel-base ocemercial alloys SEL and PDRL 163 were included for ccnfaarison: 
At 1675 F (915 C) ! PDRL 163 was rather vnrse than SEL, with a maximun penetration of approximately 25 
mils and a surface loss of 10 mils. At 1900°F (1038°C): PDRL 163 was appreciably better than SEL, 
with a maxinun penetration of 10 mils and a surface loss of only 2 mils. The principal nx1tk? 
at the lower torpe:ature was NiO, with traces of Cr,0 ; Na,90, was alsopresent. At the higher 
temperature only Cr203 was present: no Na2S04 was detected. 

E' s‘ Nichols' Corrosion Problems Associated with Gas Turbines, 
ASTM Special Technical Publication SIT 421, 1967, 188. ' 

for ^l»- In a oyolic salt-sprai hot corrosion test, PDRL 163 was a little better 
than 713C> but a PDRL 163 with 10% Co was very considerably better. 

Rolls-Royce (1971) Ltd. 

Hot corrosion data fron a anall burner rig are shown under X-40. 

Data relating to this alley will also be found in the following Figures: 

10.1, 10.67, 10.68, 10.76, 52.28, 52.29. 
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TABUS 36-1 

SiaHFICAMT DimWMCES BglYEEM DPIVIDUAL AlIOVS AT 170Q°P Pvrr.Tr Trampas n» 
( RyAN ET AL )--- 

Mafrial 

PDRL 163 

XN728NX 

71X4CT 

713-»Cr+ Y 

Mar M421 

7IX 

IN100 

Inoo 717 

(MR 235 

Mar M246 

Vol. 
lau 

0.42 

1.11 

1.98 

1.99 

2.06 

2.X 

2.34 

2.67 

4.X 

11.11 

(rnn3) 

Mar 
M246 

11.11 

Mar 
M421 

71X 
Cr+y 

71X 
+Cr 

IN 
728NX 

*26.452 *10.714*6.357 *5.571 *5.476 

*10.009 * 4.045*2.405 *2.108 *2.072 

* 5.611 * 2.272 1.348 1.181 1.161 

* 5.582 * 2.261 1.341 1.175 1.155 

* 5.393 * 2.184 1.296 1.135 1.116 

* 4.8X * 1.956 1.1X 1.017 

* 4.747 * 1.923 1.141 

* 4.161 * 1.685 

* 2.468 

2.06 1.99 1.98 1.11 

*4.904 *4.738*4.714 *2.642 

*1.855 *1.7*2*1.783 

1.040 1.005 

1.035 

PDRL 
163 

0.42 

* Denotes a significant difference at a = 0.05 

Material 

PDRL 163 

IN728NX 

Mar M421 

713+Cr+y 

71X-*Cr 

713C 

Inoo 717 

IN 100 

GM* 235 

Mar M246 

TABU 36-11 

SiaOFICANT DimnaCES BPIYEEH INDIVIDUAL AUJOYS AT 17X°F rvn.ir TBgERMURE. 
¿RYAN ET AL)' -- 

Vol. 3 
loss (nrr) 

1.48 

2.00 

3.23 

3.23 

3.67 

4.02 

4.37 

4.46 

11.72 

42.53 

Mar- 
M246 

OW- 
235 IN-100 

4.46 

Inoo 
717 

4.37 

713Ç _ 

4.02 3.67 

71X 71X Mar¬ 
ker -tCr+Y M421 

3.23 3.23 42.53 11.72 

*28.736 *7.918 *3.013 *2.952 *2.716*2.479 *2.182 *2.182 

*21.265 *5.860 *2.2X *2.185 *2.010*1.835 *1.615 *1.615 

*13.167 *3.628 1.380 1.352 1.244 1.136 1.000 

*13.167 *3.628 1.3X 1.352 1.244 1.136 

*11.588 *3.193 1.215 1.100 1.095 

*10.579 *2.915 1.109 1.087 

* 9.732 *2.681 1.020 

* 9.535 *2.627 

* 3.628 

DJ- 
728 NX 

2.00 

1.351 

PDRL 
163 

1.48 

* Denotes a significant difference at a * 0.05 

TAWJ; M-TTT 

siaiiFicANr DirrereNCES anwra^iNDr^aL aijovs at 18oo°f cyclic rogEiwnng:. 

Material 
—' Vol. 3 

loss (ntn) 

PDRL 163 3.79 

IN728NX 4.X 

71X-*Cr*-Y 5.98 

71X-*Cr 7.02 

Inoo 717 7.52 

71X 9.27 

IN IX 10.17 

Mar MI21 10.87 

OMR 235 24.53 

Kur M246 85.59 

Mar- 
M246 

85.59 

(MR- Mar 
235 M421 

24.53 10.87 

IN-100 

10.17 
71X 
5757 

Inoo 
717 
735 

71X 
•*Cr 
735 

71X 
■♦Cr+Y 
T35 

IN 
728 NX 
1755- 

PDRL 
-63 

535 

*22.583 * 6.472* 2.868 * 2.683 

*19.904 * 5.704* 2.527 * 2.365 

*14.312 * 4.102* 1.817 * 1.700 

*12.192 * 3.494* 1.548 1.448 

*11.381 * 3.261 1.445 1.352 

* 9.233 * 2.646 1.172 1.097 

* 8.415 * 2.411 1.068 

* 7.873 * 2.256 

* 3.489 

*2.445 *1.984 *1.852 *1.577 

*2.155 *1.748 *1.632 *1.3» 

*1.5» 1.257 1.173 

1.3» 1.071 

1.232 

1.134 

* Denotes a significant difference at a - 0.05 



tabu: 36-IV 
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sijunowr duh:rknces Bcmau individual alloys at i85o°f cyclic 
TEmavmjife. (rvan et al) 

Material 

PURL 163 

IN728NX 

713C+Cr+Y 

713C+Cr 

Inoo 717 

713C 

.Mir M421 

In 100 

CMR 235 

Mar M246 

Mir- 
M246 

tMR 
235 IN-100 

Vol. 
loss 

12.17 

13.46 

19.09 

19.53 

21.70 

27.65 

28.44 

31.61 

68.47 

265.3 

Mar- 
M421 

(nn'3) 265.3 68.47 31.61 28.44 

*21.799* 5.626* 2.597 * 2.336 

*19.710* 5.086* 2.348 * 2.112 

*13.897* 3.586* 1.655 * 1.489 

*13.584* 3.505* 1.618 * 1.456 

*12.225* 3.155* 1.456 * 1.310 

* 9.594* 2.476 1.143 1.026 

* 9.328* 2.407 1.111 

* 8.392* 2.166 

* 3.874 

713C 

27.65 

* 2.271 

* 2.054 

* 1.448 

* 1.415 

* 1.274 

Inoo 
717 

21.70 

713C 713C 
Cr -tCr+Y 

IN 
728 NX 

19.53 19.09 13.46 

1.105 * 1.783 * 1.604*1.568 

* 1.612 * 1.450*1.418 

1.136 1.023 

1.111 

* Denotes a significant difference at a * 0.05 

TABLE 36-V 

SIcairiCA.Vr DIFFERENCES BK>E31 INDIVIDUAI. atjdvs at 1900°F cyclic 
(KÍvãlrr M.j 

Material 

PDRL 163 

713C+Cr 

713C*Cr+'Y 

IN728NX 

713C 

Inoo 717 

IN 100 

Mar M421 

OK 235 

Mar M246 

Vol. 3 
loss (nri 

60.16 

68.54 

69.01 

70.63 

95.61 

96.66 

128.4 

170.9 

302.6 

1337.25 

Mar- 
M246 

(MR- 
235 

Mnr- 
M421 IN-100 

1337.25 302.6 170.9 128.4 

*22.228 *5.029 * 2.840 * 2.134 

*10.510 *4.414 * 2.493 * 1.873 

*19.377 *4.384 * 2.476 * 1.860 

*18.933 *4.284 * 2.419 * 1.817 

*13.986 *3.164 * 1.787 1.342 

*13.834 *3.130 • 1.768 1.328 

*10.414 *2.356 1.330 

• 7.824 *1.770 

* 4.419 

Inoo 
717 

96.66 

*1.606 

1.410 

1.400 

1.368 

1.010 

713C 

95.61 

*1.569 

1.394 

1.385 

1.353 

PDRL 
163 

12.17 

IN- 713C 713C PDRL 
728 NX -»Cr+Y tCr 163 

70.63 69.01 68.54 60.16 

1.174 

1.030 

1.023 

1.147 1.139 

1.006 

* Denotes a significant difference at a * 0.05 

TABLE 36-VI 

VQLUfc: LOSSES DURING 500-CYCLE TEST - 1700°F CYCLIC TPPERATUIE. (RYAN ET AL) 

Tut Number 
Volum» lo»« in cifcic wlllim»t«r« 

S-2 S-i S*4 S-5 

Ai«« 

Alloy 

ÎUC 

TI3C (Mod Cr) 

T UC (Mod Cr ♦ Y) 

Mor.M421 

loco 717 

Mar>M246 

PDRL 163 

IN-711 NX 

GMR-23S 

IN-100 

3.31 

3.13 

2.90 

3.04 

4.06 

U. 33 

3.40 

1.40 

9.74 

4.38 

1.87 2. 13 

1.80 2.03 

1.64 2. 14 

2.23 

3.78 3.81 

7.70 

0.27 

1.03 

3.73 

3.66 1.96 

3.185 

1.71 

3.58 

1.88 3.83 

3.57 

3.71 10.82 

0. OS 0.50 

0.(8 1.53 

1.33 3.98 

2.88 



Table 36-VI [Continued) 

HMMrçalcd^ 

nie 
TIÏC (Mod Cr> 

TUC (Mod Cr ♦ Y) 

Mar*M421 

IncoTIT 

Mar-M246 

PDRL 163 

IN-TU NX 

CMR-233 

IN-loo 

4.34 2.47 

1.04 2. 19 

3.21 2.46 

2.36 

4.10 2.54 

18.46 

0. 46 

1.08 

7.49 

3.89 2.21 

1.83 

1.80 

1.72 

2.27 1.72 

3.19 

18. T3 8.22 

0.41 0.38 

1.00 1.49 

8.20 1.92 

1.94 

1.68 

3.08 

1?68 

1.61. 

3.68 

23.6 

0.64 

1.64 

11. 3T 

3.11 

tabu: 36-VXI 

\roUJC LOSSES DURING 500-cycle test - 175QqF cyclic taiperature 

(RYAN ET AL) 

Tr«! Number 

Aa cast 

Alloy 

713C 

713C (Mod Cr» 

713C (Mod C r ♦ Y» 

Mar-M 12 I 

Im o 717 

Mar-M.M'. 

P1JHI. 1*>3 

IN-728 NX 

GMH-235 

IN-100 

Volume loss in cubic millimeters 

S-ll S-12 S-13 

1.24 t. 81 5.68 

2.81 1.54 5,70 

1. 02 I. 47 3. !>6 

.1.41 5.88 

4.11 1.00 0,00 

54.71 70.11 

0.7' 5.21 

1.10 2.81 

H. 50 14.41 

4.51 1.88 '.8' 

S* 14 S-15 S*16 

4.42 

3.82 

3. 12 

5. 62 4. 34 

4. 53 

26.13 23. 06 

2.5" 1.79 

3.10 2.38 

9.21 8 31 

4.67 

Meat tr>- il< 9 

713C 

713C (Mo l Cr) 

713C (Mu l Cr * Y» 

M:ir*M421 

Inro 7 17 

Ma r-M240 

Plllll. 101 

IN-72« NX 

GM11-215 

IN-10'I 

1. 1 i 1. «4 

1. 02 5. 011 

2.09 1,0 I 

4. 71 

3. 84 3. 80 

01.32 

1.0" 

1.9" 

8. 1" 

4.09 4.01 

5.71 

4.79 

4.44 

7.07 0.0" 

5. 59 

124.78 91. 25 

2. 25 2. 44 

2."0 2.68 

22. 02 19. 95 

4. 63 

5.83 

4. 15 

3. "2 

I. 87 

4. 77 

21.21 

0.36 

1.07 

7. 62 

4. 53 

1 
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TABI£ 36-VIII 

VDLU»E U)SStOS DURING 5QO-CYCLE 'ISST-ieOO^ ÇyCLIC TOfERATURE. (KSfAN ET AL) 

Tt"'! XunitH-r 

Volume loss in ruble millimeter» 

S-JI S-Ï3 S-24 S*2i 

As cm st 

Allo\ 

7l3f 

7ltr (Mod t’r) 

7131' (Mo l Cr * Y1 

Mtr-Mi-1 

Im o 717 

Mir-M.'K. 

PDRI. 11.3 

IN-721« NX 

r.Mii-.'3j 

IN- lut) 

». !'• 
05 

5.50 

7.81 

7 .17 

75. 46 

3. 08 

4.72 

>0. 21 

15.48 

14. 16 

12. 00 

8.61 

21.30 

0. 26 

0.05 

•.72 

». 99 

».«3 

74.43 

4.96 

5.15 

23.77 

10.31 

11.03 

60.31 

5.M 

5.32 

19.73 

12. • 

II. I» 

•.22 
108.43 

II. 3* 

102.90 

7.4« 

6.93 

40. U 

14.33 

llr.lt 111 ,!. .1 

7131' 

713C (Mol Crl 

713C (Mod Cr • V) 

Mar-M 12 I 

Inro 7 17 

Mar-M24'i 

PORI. 163 

IN-72« NX 

(JMR-245 

IN-100 

12. 19 

7.71 

5.71 

7.67 

10. 14 

21.81 

10.24 

9. 97 

10. 18 

0.32 

147.17 

4.00 

4.93 

54. 16 

16. 19 

11.99 

174. 44 

5. 00 

5. 46 

30.90 

12. 36 

9.41 

9.17 

II. 6> 

(. 60 

153. 62 

5.19 

6.71 

34. 35 

(.74 

15.26 

11.34 

10.(3 

12. M 

14.59 

TMZje^IX 

venae LOSSES DURING SOO-CTOS TEST-iaSC^F CYCLIC TPfERATUFE. (HYAN ET AL) 

Te»t Number 

Volume loi* in ruble millimeter» 

S-31 S-32 S-33 S-34 ••33 ••3« 

A*_r»lR 

Alloy 

7I3C 

713C (Mod Crl 

713C (Mod Cr ♦ VI 

M»r-M421 

Inro 717 

Mar-M246 

PDRI. 163 

IN-728 NX 

C. MR-2 3 5 

O-too 

23.79 

17.53 

1«. 09 

23.02 

17.32 

229. 06 

■.60 

9.37 

88. 95 

43.49 

39. 39 

27.75 

29.64 

42.77 

83. 14 

46.59 

36. Q6 

34.12 

50.60 

39.34 

217.29 

22.59 

21.93 

79.31 

62. 13 

23.13 

169.70 

9.29 

10.66 
55.69 

33.36 

27.93 

26.94 

47.69 

31.13 

206.21 

U.01 
16.62 

56.39 

36.30 

Hr.tt 'n : 

713( 

7 11C (Mod < r) 

713C (Mo l Cr • V) 

Mar-M421 

Int o 717 

Mar-M 2 46 

PDRI. 1(1.3 

IN-726 NX 

GMR-235 

IN-ion 

17.85 63.68 

22. 04 43.61 

17. 52 47.46 

51.35 

19.61 52.70 

516.II 

25.74 

20.70 

151.30 

31.70 46. 16 

26.93 

11.41 

16.00 

42.71 22.12 

17.34 

498.43 359.40 

23.36 6.7( 

24.32 11.65 

192.63 70.23 

24.06 

28.33 

20.93 

23.01 

12.34 

23.60 
163.13 

3.73 

(.07 

2(.01 

2(.3( 
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TABLE 36-X 

\0UM: LOSSES CURING SOO-rvruc TEST-!»»0? CyÇLIC TtMPERATTJPE. (RYftN ET AL) 

S-«l S-42 S-4J S-44 S-45 S-4« 
Tf»l Nuinhrr 

A» Cini 

Alloy 

713C 

713C (Moil Crl 

713C (Mod Cr ♦ VI 

M*r.M42! 

Inco 717 

Mar-M24fi 

PDRI. 163 

IN-728 NX 

G MR-2 3 5 

IN-100 

Heat 1 

713C 

7I3C (Mod Cr) 

7I3C (Mod Cr ♦ V) 

Mar-M42l 

Into 717 

Mar-M246 

PDH1. 163 

!N-72n NX 

GMR-235 

IN-100 

106.77 43.76 

68.78 29.J5 

72.24 28. 01 

117. 65 

81.62 40.83 

504. 03 

54. 10 

66.27 

222. 07 

162. 54 63.84 

114. 84 30.72 

01.34 27.25 

74.29 31. 76 

81.43 

78.15 37. 28 

534. 60 

26. 20 

27.76 

143.03 

129.71 59.36 

30. 89 

18.72 

19.35 

32.31 59.64 

33.35 

277.98 314.32 

>3.45 24.24 

16.51 18.86 

70.52 91.76 

41.09 

18. 62 

22.87 

21.88 

53.18 60.42 

20. 27 

443.47 510, 34 

14.33 20. 49 

17. 82 23.24 

120.12 154.05 

48.21 

22.85 

IS. 56 

12.53 

30.27 

30.17 

267.79 

10.61 

14.61 

31.46 

20.78 

20. 90 

13.52 

16.33 

23. 68 

21.76 

419. 00 

6.63 

10. 38 

341.20 

22. 06 

TABLE 36-XI 

WUJME LOSSES DURING 500-CYCLE TEST-2QQ0°F CYCLIC TEH>ERATURE. (RYAN BT AL) 

An cast Volum» lo«» (mm*) 

Alloy 

7I3C 

TISC (Mod Cr) 

7I3C (Mod Cr ♦ V) 

Mar-M421 

loco 717 

8br-M24G 

PURL 163 

04-718 NX 

GMR-235 

101.2 

•0.35 

•T. 12 
IM.7 

131.2 

387.3 

37.0« 

48.61 

183.4 

T»»l No. S-61 
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TABLE 36-XII 

OORBOSION AREAS AT SECTION AFTER SOO-CYOE TEST. (RifAN ET AL) 

Corroilon arri lin.* * Sí*) 

C\rll<- int loon^iT.iiurr 1*K) 

AUov — m- »all 

■Mlov 71 1C 

Mlo> *HC (Mnd Crl 

AUo> 711C (Mol Ci • VI 

Mar*Ml?l 

loro 717 

Mar*M24r. 

PUNI. tr.s 
IN.71I NX 

GMH-Í1V 

IN-loo 

170» 

0.17 

». 21 
0.4S 

». SH 

0.1» 

I.S2 

0. Il 

u. 22 

». Tl 

». 24 

IHon 

1.1» 
».SS 
1.71 

I.SO 

i.o» 

4. I» 

0.74 

0. <8 
(. 80 
1.25 

1000 

S. 79 
2.40 

1. UI 
4.77 

2. 50 

16.18 
1.72 

1.21 
3.08 
4.7* 

2000 

7.00 

0.70 

11.30 

13.70 

9.00 

13.40 

2.49 

7.92 

0.73 

12.40 

‘Cnrrniiiin .»rra* a cri’ »1» t»'i inin»*.! hv II»' rtill'mtntr mrthod: 

1. Trit lil.rlfi .» <’ f. Kr» I ¿ » '»i»” I .»t alrfml srrtion D'-DN mountid 

and poliihnl. 
2. Metalloi;r.»(i!iir s» ilt'ii» a .T»' ;tl ujrilr» I on the scope oí a Leits 

Larne Mrlallojîi apîi .»1 Sl*^. 

3. A tr»»n»pi»i'rhi'\ > nntnimu' the original profile of section D'-D' 

was lai»l ov< r 11»«’ prf'j. rl»'»l IM »P»' an»! the corrosion aress srers 

trari'il on the transpan nev. 

4. Areas «f rorrnsion w»»ir measured with a planlmeter. 

MiSHnMSÉMÉÉHai 
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Fleure 36.1. Bar graph of 

Individual alloy voluae loaaaa 

averaged over all teat teaperaturea. 
(Ryan et al). 

Figure 36.a. Individual alloy 

voluae loanee at each teat teap- 
erature. (Ryan at al). 
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Individual «Hoy volunn lo»»«». 
(Ryan at al). 

O hw tilt 
0 mtlKIIMCfl 

Figura 3d.4. Aa-eaat varaua baat 
traatad PDRL 163 at aach cyclic taat 
tanparatura. (Ryan at al). 

Figura 36.6. Alloy corroalon araaa 
at airfoil aactlon D'-D’ varaua 
cyclic taat tanparatura. (Ryan at 
al). 

.... . .. .... , llAi. iU 1,...1,.,1.,„.i,,.,,,, .. _ __— 
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Maximum cyclic trn,per ature- F 
WI4-I0 

Figure 36.6. Binocular evaluation - 

leading edge and upper-middle airfoil. 

(Ryan et al). 

Noies 
Each graph was plot! *d using the mean values 
of the other three elements and a temperature 
of HOOT 
Mean »Inen CmIJ.H I. W -1.141. Mo -1.111. 

4i -«.m. 

Figuro 36.1. The effecta of Cr, V, 

A1, and Mo on volume loaa aa 

predicted by the regreaalon 
equation. (Ryan at al). 

Figure 36.7. Binocular evaluation - 

stalk and lower airfoil. (Ryan 

et al). 

Figure 36.9. Comparison of the 

measured volume loaa and the loss 

predicted by the regreaalon 

equation for PDRL 163. (Ryan at 

al). 
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RA 333 

R. Viswanathan, Corrosion 24 (1968) 359. 

See 713C for details. Ra 333 was one of the better alloys tested, similar2to PDRL 163 and 

Waspaloy. After 150h testing at 1500°F (816 C) the specimen had lost 2.0 mg/an (after descaling); 

97.7% of tile alloy was unaffected. 

F. J. Wall and S. T. Michael, Hot Corrosion Problems Associated with Gas Turbines ASTM Special 

Technical Publication STP 421, 1967, 223. 

See 713C for an extended surinary. Several ocmercial alloys were tested by coating gith 50% 

Na5SO,/5p% MgSO. and oxidising in a simulated ambustión atmosphere at 1250, 1350 and 1450 F (677, 732 
and 788°C) for times up to IGOOh. The alloys are identified only by nimber and approximate ocrposition, 

but No. 3 appears to be Ra 333. Its corrosion resistance is rated as "excellent", the best of the 

nickel-base alloys tested, on the basis of a 100h test at 1450 F. Figure 37.1 shews the kinetics of 

the corrosion: the attack is less at 1450°F tiran at the two lewer temperatures. 

S. K. Rhee and A. R. Spencer, Oxid. Metals 7 (1973) 71. 

An extension of a programe to select material for porous, transpiration cooled blades (F.W. Cgle, 
J. B. Padden and A. R. Spencer, t«SA CR-930, Feb. 1968). Oxidation kinetics studied at 760 - 1100 C. 

Sheet specimens annealed at 1150 C for 8h in dry hydrogen, polished to 320 grit silicon carbide. 
Oxidation times 1¾) to 600h in static air; all specimens removed at 4, 16, 64, 100, 200, 300, 400, 
500 and 600h; one specimen ranoved at each cycle for examination. Weight gain increased parabolically. 

■fc 

760 

870 

982 

1093 

Rgte_gon^tant 
g an s 

3.73 X ID-14 

2.99 X 10-13 

2.70 X 10-12 

1.56 X io"11 

Activation enerjy = 

51 keali. Anole 

These are very similar to those previously reported for Hastelloy X (J. Electrochan. Soc., 119 

(1972) 396). Cr2°3 was ^ Pri-nciPaLl oxide; brown islands of spinel were also observed. 
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000 

î'»*. Haut* 

Figure 37.1. Weight lose of 
Nl-25 Cr alloy after expoaure to 
1380, 1390, and 1450 F. (Wall 
and Michael). 

«00 
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R. Field, U. J. Fisk and H. von F. IJoering, Naval Ship Research and Development Centre Materials 

Laboratory Researdi and Devclopiænt Repxort 2833 (January 1969). 

See 1*3C. 

V. S. Moore and A. R. Stetson, Final Report on LïlSC Contract No. N00019-68-C-0532 (Solar Research 
Division Report RDR -1626-5) December 1970. 

oSee B 1900 for details. Figure 38.1 shows a cross section of a specimen tested for 150h at 
1650 F. Rene 41 was one of the better alloys tested, nearly as good as U700 and appreciably better 
than 713C. 

Ute cuiiulative weight changes of tv« specimens tested at 1650JF were: 

Weight diange, mg. Spec. 1. +3.3 +3.7 + 3.4 +8.0 +3.4 -4.3 -6.3 -4.7 -8.2 -8.0 -6.7 -7.6 -9.3 

Spec. 2. +2.6 +2.5 +2.7 +7.9 +1.0 -8.2 -10.3 -10.1 -10.4 -9.7 -9.3 -8.4 -11.4 

Exposure time, hours 10 20 30 

TVvo specimens were also tested at 180U°F: 

Exposure time,hours 10 20 30 

•weight diange, 

mg. Spec.l. 

Spec.2. 

- -16.9 

- -16.4 

40 

40 

50 

50 

60 

-39.0 -55.0 

-37.0 -52.4 

70 80 

70 80 

-77.8 - 

-53.0 - 

90 100 110 120 150 

W. L. Wheatfall, in "High 3arperature Corrosion of Aerospace Alloys" J. Stringer, R.I.Jaffee and T.F. 
Reams, (eds.) AGARD Conference Proceedings No.120, (Mardi 1973) 235. 

See 713C for details 

S.T. Klodek Trans. AIME, 230 (1964) 1078 

Continuous weight gain measurements in dry air on specimens ground to 600 grit, electropolished, 

and lightly etched. Figure 38.2 shows the weight gain data, and Figure 38.3 is the initial linear 
section. Figure 38.4 is the lau*'parabolic section, and Figure 38.5 is an Arrhenius plot of both the 
parabolic and linear rate constants. Figure 38.6 is a transmission electron micrograph of a thinoxide 

film, stripped fror, llene 41 oxidised for 10 min. at 1600°F (871°C), shewing Al^ growing over the bulk 

of the grains, but Cr^O, forming at the grain boundaries. Table 38-1 lists tne phases in the scale. 
Figure 38-7 shows the alloy depleted layer and the internal oxidation after lOOh at 1800°F(982°C) and 

Figure 38-8 shews that both the internal oxidation and the depleted layer thickness grows in a 
parabolic fashion. Figure 38-9 is a sdiematic presentation of the time and temperature conditions 

required to produce 1.0 mil per side of internal oxidation and 1,2,3 and 4 mils per side of alley 
depletion. TiN and Ai^O^ were identified in the internal oxidation and alloy depleted regions. 

Figure 38-10 shews the effect of surface preparation on the oxidation of Rene 41. Pronounced 
surface working increases the amount of subscale oxidation at 160O°F (871¾ and lOOh exposure. 

Figure 38-11 is a schematic presentation of the major reaction products in the oxidation of 
Rene 41. 

D.M. Royster and W.B. Lisagor. "Effect of High-Torperature Creep and Oxidation on Residual Roan- 
Ttrperature Properties for Several Thin-Sheet Superalloys" NASA Technical Note TTJ D-6893 
(Novorter 1972) 

This program® is related to primary heat shields and supports in hypersonic aircraft and space 

shuttle vehicles. Continuous oxidation tests -were performed in dry air at 1.0664 kN/ni (8 Torr) in a 

vertical tube furnace at 1033 and 1256K (760 and 983 C., 1400 and 1800 F). Specimens were exposed for 

preselected times up to 5u00h removed and weighed. Cyclic tests were made in dry air at 0.1333 kN/m 
(1 Tgrr); gpecimens were left 30 min.at tenperaturc, air cooled to ambient, then cooled to 22QK 

(-53 C,-65 F. ) with dry nitrogen, a Hewed to return to roan temperature for 30 minutes. This cycle was 
repeated until a total time at togeruture of lOOh had been accimulated. 

The micros fractures of Renc41 after lOUh at 983°C.llaynes 188 after lOOOh at 983°C and ID NiCr 

after 200h at 1205 C in gir at 760 torr are shrjwn in Figure 38.12; Figure 38.13 shows sections of 
specimens exposed at 760 q. Figure 38.14 shows the continuous oxidation results as time to a sheet 
thickness loss of 0.0508 m.m. which is regarded as the maximon permissible. TO NiCr was very much 

better than any of the oti>er alloys: Rene 41 was relatively poor. Figure 38.15 shews the sheet thickness 
loss in continuous cyclic tests at 1256 K(983°C) maxinun tenperature,lOOh total time at tenperature: 

again Rene 41 is relatively poor. The results of all the oxidation bests are listed in Table 38-1 and II 

Data relating to tills alloy will also be found in the following figures: 



tabu: 38-1 

SHKET-raiCKNtSS LOSS RESULTING FROM QX1DAT1CN OF SPHnTtffMS Fvcncpr. 

CCNTINUOUSLY IN AIR PRESSURE OF 1.0664 kN/m^ (6 torr) (HPYSTER AH) LXSAP^P) 

' Djtj mA oMainrd. 

Sh» » t 
thi« kn« r-.. 1 «¿»»»Ur«* ni hour» 

I -W 1 100 200 400 i 650 

T» n>p« utuir i•oo" r 

114-111- 41 

Hj»!« IllIV X 

Im .«* I #>2S 

I'M .nil ?|f 

N4VIW-» 25 

NatM« lit 

TU NiCr 

0.010 

.020 

.010 

.020 

.010 

020 

.010 

.020 

.010 

.020 

.010 

.020 

.010 

020 

0.0020 

.0»»l* 

,o«k>: 
.000» 

.0005 

.ooo i 
0011 
0011 

.0007 

.000* 

.0005 

.000* 

0*1 

0.0025 

.0024 

'1010 

.0000 

.ooo»; 
0007 

.0010 

0012 
.0009 

ooll 
.OOOi 

.UO»JH 
(III 

o. 

0.0031 

.0029 

.0012 

.‘»012 

.0004 

.0011 

.0021 

.0021 

0012 

0012 

.0014 

001»' 

On 

0« 

0.0034 

.0035 

0011 

.0010 

.0009 

.0012 

.002«. 

.0024 

.0010 

.0012 

0020 

0019 

0» 

(»•I 

0.0040 

.0040 

.0013 

.0013 

.0012 

.0013 

.0030 

0032 

.0014 

.0019 

002*> 

.0024 

Mu 

(In 

0.0046 

.0049 

.0023 

.0020 

.0034 

.0035 

.0017 

.0022 

.0021 

.002«. 

0030 

0025 

(i»i ; 
0» 

U> 

0.0072 

<*» 

.0023 

.0017 

0011 
.0041 
.0033 

.0022 
0033 

.0033 

.0027 
(l»> 

(l»l 

f• ni|M i .«i.iit 1400“ F 

<•) 

toi 

toi 

0.0027 

(al 
.0022 

toi 

.0047 

toi 

0032 

(bl 

(bl 

toi 

toi 

toi 

toi 

toi 

I.oot 
toi 

.0017 

toi 

.0210 

toi 

.000 
(to 

iw 

41 

■Mtoll«« X 

tor»arl «23 

710 

Itoyivt 23 

TDMCr 

0.010 

.020 

.010 

.020 

.010 

.020 

.010 

.020 

.010 

.020 

.010 

.010 

.010 

(h) 

(bl 

(bl 

(bl 
(bi 

(bl 

(bl 

(bl 
(bl 

(bl 

(bl 

(bl 

(bl 

(bl 

(bl 
(bl 

(bl 
(bl 

(W 

(bl 
(bl 

(W 
(bl 

(bl 

(lu 
(bl 
(bl 
(bl 

(bl 

(bl 

(bl 
(bl 
(b) 

(bl 
(bl 

(bl 

(bl 

(bl 

(bl 
(bl 

(»»> 

(bl 

(bl 

0.0003 

(b) 

(b) 

(bl 

<bt 
(bl 

(bl 
(bl 
(b) 

(bl 

(bl 
(bt 

(W 

'OufeUoi mHrai» Mir. 

0.0003 

.0003 

.0003 

.0003 

(C) 

(Cl 

(M 

IM 

.0003 

ICI 
(Cl 

IM 
IM 

(Cl 

Ici 

rruw acrtiufi. 
mcoMc M»M-IM<'lncH low. 



TABU:: 38-11 

1/¾¾ ['i:.sn:nNc: mw oxnyaTuN oi-' scbcm-jæ taitjsKD cycLicAu.y and 

Kl'iMtAISLY IN AIR i W.SSUH-. OK 0.1333 KN/'m^ Ü torr) AT 125fe K (lbaj°F) 

(W)Yirn-:l< AND I.l^XiH) 

(dl SI Umts (slui'l-llu( km .s.s Iiiks in nmi) 

Alloy 

Rcni' 41 

Haslolloy X 

Huym s 25 

Hayiuü 188 

TD NiCr 

Exposure in hours 

Sheet 
thickness, 

mm 

0.254 

.508 

.251 

.508 

.254 

.508 

.254 

.508 

.254 

.508 

10 

20 

0.0356 

.0330 

(a/ 

U> 
(a) 

(a) 

(a) 

(a) 

<a) 

I (a! 

25 50 
i - 1 

Number o! cycles 

50 

0.0457 

.0457 

ia) 
(a) 

.0228 

.0178 

(a) 

(a) 

(a) 

(a) 

100 

0.C533 

.0533 

(a) 

(a) 

.0254 

.0356 

.0226 

.0203 

(a) 

(a) 

100 

200 

0.0635 

.0710 

.0152 

.0120 , 

.0356 

.0406 ' 

.0305 1 

.0305 

(a) j 

U> I 

25 
T 

50 [ 1°° 

(Continuous exposure) 

0.0406 

.0406 

(a) 

(a) 

(a) 
(a) 

(a) 

(a) 

(a) 
(a) 

0.0508 

.0508 

.0152 

(a) 
.0228 

.0279 

.0203 

.0178 

(a) 
(a) 

0.0610 

.0585 

.0178 

.0203 

.0254 

.0305 

.0178 

.0228 

(a) 
(a) 

i--y 
Sheet j Q 

Alloy thickness, .-- i 
in. 

Rem 41 0.010 

.020 

Hastelloy X .010 

.020 

Haynes 25 .010 

.020 

Haynes 188 .010 

.020 

Tt) NiCr .010 

.020 

20 

0.0014 

.0013 

(a) 

(a) 

(a; 

(a) 

(a I 
(a) 

(a I 

(a) 
i i 

aNo measurable sheet-thickness 

25 

Exposure in hours 

50 ' 100 25 50 100 

Number ol cycles 
. -- T- 

50 100 1 200 

0.0018 0.0021 0.0025 

.0018 .0021 .0028 

(a) (a! .0006 

(a) (a) .0005 

.0009 .0010 .0014 

.0007 ; .0014 .0016 

(a) .0006 .0012 

(a) .0008 .0012 

(a) (a) (a) 

(a! ! (a) j (a) 

hiss. 

(Continuous exposure) 

T 7- 
0.0016 0.0020 0.0024 
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Figure 38 2. Log-log plot of »elght 
gain against tlae for the oxidation 
of Rene 41. Note Initial linear 
rat- (slope = 1) at 1600“, 1700°, 
and 1800°F folloved, and at higher 
tenperaturea replaced, by parabolic 
oxidation (slope - 1). All data 
for Heat A (blodek).

Figure 38.4. Parabolic oxidation 
kinetics as exhibited by Heat A 
of Rene 41 Note presence of t»o 
rate constants at 17(X)° - - °

1900 , and 2000 F
1800 

(blodek).

^iRure 38.1. Mlcroatructure of 
uncoated Rene 41 after hot corrosion 
tent* at 1650°r for 150 hour*
(Moor« and Stetaon).

WCNC 41
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Figure 38.3. Linear oxidation of 
Rene 41 for apecinena In the aged 
ur annealed condition. All data 
for Heat A. (Wlodek).
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Figure 38.5. Arrhenlua plot of the 
linear and parabolic rate cooatanta 
observed for Rene 41 (heats A and 
B) Initially In the aged or solution- 
annealed condition. Activation 
energies of 66 kcal per sole can be 
ascribed to either parabolic rate, 
while the linear rate constants 
reflect an activation energy of 
55 kcal per sole. (Wlodek).
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Figur« M.I. Parabolic natura of 

alloy-daplatlon and lnt«rnal- 
oxldntlon proc«aa«a for R«na 41 

r«v«nl«d bp slop« of logarltbalc 
plot for th«a« proc«ss«a at 1T00°F. 
(Vlodak). 

Figur« 3d.a. Qualitativ« portrays* 
of t 1m and taaparatur« conditions 
r«qulr«d to produc« 1.0 all p«r 
aid« of Intornal oxidation and 

1, 2, 3, and 4 nils p«r aid« of 

alloy d«pl«tlon of Mn« 41. 
(•lod«k). 

OXIDATION PRODUCTS ON RENE - 4l 

Figur« 3d.10. Bff«ct of surfac« 

preparation: «lactropollshine, 

■•cbanlcal polishing, fin« and 
coarn« grinding, and grit blasting 

plotted In taran of nts of th« 

resultant surfac* finish. 
Pronounced surface working increases 
th« aaount of subscal« oxidation for 

Mn« 41 at iaOO°F tad 100 hr 
exposure. (Vloosk). 

Figure 38.11. Bcheaatlc 

présentation of the aajor reaction 

products thst esn fora du.Ing the 

oxidation of Rene 41 and the 

associated kinetic regions: 1, 

linear; 2 and 3, parabolic. Th* 
phases present In the nuaerator are 

the scale constituents, those In the 

denoalnstor are th* products of 
Internal oxidation. (Wlodek). 
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tene 41 after 100 hours Haynes 188 after 1000 hours, ID NiCr afti r 200 hours, 
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Figure 38.12. Mlcroetructure of 
oxidation specimens after exposure. 
(Royster end Lisagor). 

Rene'41 after Haynes 188 after 
1000 hours 1000 hours 

TD NiCr after 
2000 hours 

Figure 38.13. Microstructure of 
oxidation specimens after exposure 

at 10338 (1400°F), 1.0864 kN/n2 

(8 torr). (Royster and Lisagor). 
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5000 

4000 

3000 

Time to shMt-thickness loss 
of 0.0500 mm (0.000 in. ). hours 

2000 

Q 0.254 mm (0.010 in. I sheet thickness 

I 0.500 mm (0.020 in. ) sheet thickness 

1000 

1 
14. 

Rene'41 1*710 H-100 H-25 Hist.-X 1-025 TONiCr 

Figur« St.14. Continuous oxidation 
tssts ot 1256 E <iaOO°r) sad 
1.0664 kN/a* (• torr). (Rojrotor 
and Lloogor). 

Figuro 36.15. Rooulto of lOO-hour 
cunulotlvo ospoouro at 1256E (ie00°P) 
on 0.506 H (0.020 la.) thlek 
oxidation opoclasas oubjsctod to 
continuous and half-hour cyclic 
ospoaurss. (Roystar sad Lisagor). 
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Rene 60 
1.1. Dessen and R.E. Fryxell, General Electric Technical Information Series Report No. R72 AEG 317 
(Nov. 1972). Paper presented at Gas Turbine ftaterials Conference, Naval Ship Engineering Center 
(Oct. 1972). 73. 

After a general discussion of corrosion of coated alleys in shipboard turbines, the importance of 
the deposition of Na,S0. and the possible role of the presence of a reducing agent in the form of carbJi 
deposits is enpnasized. Experiments were conducted with sodium sulphate in air, argon, or in argon witn 
a carbon deposit, using either half-iirrersed pins in a crucible test at 165o E' (899 C) or dip-coated 
specimens, coated at 1650°F and then exposed at 1400 or 1500 F (760 or 816 C) (i.e. the salt coating was 
solid during the exposure). Table 39-1 lists the results for U 500, Rene 77, Rent' 8u and IN 738j the 
accelerating effect of the reducing environment on the depth of penetration of the corrosion is a{çarent. 
Analysis of the salt showed the presence of Na_S excess in the salts in the reducing environments, as 
high as 1.8 mole I in the argon + carbon experiments. Figure 39-1 shews flame tunnel data for Rene 
80 and tone 77, confirming the relative order found in the crucible tests, and the authors cannent that 
this is also consistent with shipboard experience: Figure 39.2 shews the penetration of blades in a 
L»M 2500 engine, both coated with DC 21 coating, and run in the same engine for 360Uh: the coating 
thickness ranged from 0.001 to 0.0035 in to allcw penetration at different times. 

The authors also report that a T58 helicopter engine ingests large and variable amounts of salt and 
particulates in Navy service. In a 146h Navy engine test with 250 ppb (parts per billion) sea salt using , 
JP-5R fuel, an aluninide-coated 7i3 nozzle shewed sane corrosion blistering and attack to the base metal. 
A cobalt-base X-40 vane included in the test was not corroded. Aluminlde coated blades of SEL and 
ftene 80 were coipared, the latter being slightly more resistant. Again, this ranking corroborated 
flame-tunnel tests. 



3()6 

TABUS 39-1 

EFreCr OF REDUCING QWIRQNMOT IN NajSO^ CORROSION (BESSON AND FIVXEU.) 

Alloy Teaoorttur* *F Hour» Air 

Affoctod Dopth. oil» 

Arion Argon » Corbon 

U500 

Ren«' 77 

USOO 

Ren»' 77 

Rene' SO 

USOO 

Ren»' 77 

Rene' M 

Inco 7Ji 

1400 

1400 

1S00 

1S00 

1S00 

16S0 

16S0 

16S0 

16S0 

soo 

500 

S00 

2IS 

SOO 

100 

72 

100 

100 

0.7 

32. 

2.1 

1.0 

0.4 

O.S 

2.4 

1.0 

2.2 

>20. 

>1S. 

6.0 

7.1 

>S.4 

>7.0 

>4.7 

$3. 

66. 

36. 

19. 



.. 

TIME, hr 

Figur« 39.1. Flu« tunnel data tor 
Him 77 and Rana 80 at 1800 F 
(871°C) with 5 ppn aaa aalt (Baaaan 
and Fryaall). 

BENE 77 

0.....i--- 
I J 3 4 i 

8C71 OBIGINAl COA'IMO T! • • 

Figura 38.S. 



B.0. ftickland , A.D. Foster and J.J. Treanor, presonlid at National Association of Corrosion Engineers, 
Annul 1 Meeting (April 21, 1966) Miami, Florida. 

See U-5d0 for a suirury of the piper. S 81 >seenis rather poorer than the other alloys (X-45, 
U 500, M252). Several parts from actual engines were examined; of which the following were of S 816. 

Bucket B4 frcui turiune operating or crude oil, removed after 15,00Gh operation; shutdown on 
average 0.4 times every lOUh. Calculated metal temperature was 1330°F (7210^) and the corrosion was 
f mils, which is what would be expected in tliis time at a tenperature of 1560°F (849°C) on the basis of 
the srtull burner tests. 

Bucket B9: residual oil, D.OOOh. 29 simtdowns ¡er 100h, 1280°F (693°C), 4 mils, 1530°F (832°C). 

Bucket Bl» crude oil, 7,000h, 0.4 shutdowns per 10C«i. 1320°F (716°C), 4 mils, 1580°F (860°C). 

A.M. Beltran, Cobalt, No. 46, 1970, 3. 

See ::-40 for details. 'lie oxidation resistance of a number of Co-base alloys at 1600, 1800 and 
2000°F (671, )82 and 1093°CJ is capared. S-816 is worst of those tested (differences not very great). 
In a burner r^g test using 3t S residual oil containing 325 p¡jr. NaCl (= 5 ppn salt in tiie air), 6001 
tests at leoTF (87IcC), tl.e rtiximun ¡xuietration for S 816 was 0.06 m per side, 'wtiich is quite good, 
better than Mar-M 5o9, nearly as good as FSX 414. 

Data relating to tins alloy will also be found in Tables 45.1, 45.11 and 45.III. 
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P.A. Bergman, C.T. Sine and A.N. Beltran, Hot Oorroiion Prob lene Associated with Gas Turbines} 
ASTM Special Technical Publication, SIT 421, 1967, 38. 

See 713C for details. Attack at 1750°P (954°C) in burner rig, 100h, 200 ppn salt produced a 
surface loss of about 44 mils (on diameter) and a iruxiirun penetration of about 66 mils. At 1600 r 
(87i C) there was very little attack. At 1900°F (1039°C)the attack was again less than that at 
1750°F- surface loss was about 15 mils, maximun penetration was about 34 mils. Some scatter in 
results àtl750K,°because two specimens had deep but localised attack. Range of maxiitum penetration 
was 34 - 115 mils in 7 tests. 

R.W. Hardt. J.R. Gartbino and P.A. Bergman, Hot Corrosion Problems Associated with Gas Turbines: ASTM 
Special Technical Publication, STT 421, 1967, 65. 

Presents bar diagram to show attack at 915 and 955°C, 1040°C, in burner rig. 200 ppm salt, 100h 
tests. Lees in dianeter due to (a) surface loss: (b) maxinum penetration. 915 C: (a) 2 mils} (b) 
15 mils} 955°C: (a) 20 mils} (b) 30 mils. 1040 C: (a) 18 mils} (b) 33 mils. 

Oxides formed: 915°C: a little Cr^, a little NiO: mainly a spinel with spacing 8.26 8. 

1040°C: In cne case, moderate NiO, moderate spinel 8.22 A. In a second case, moderate CcO, 
(Ni, Cr)0, moderate spinel 8.33 A. 

P.A. Bergman, Corrosion 23 (1967) 72. 

Tested alloys in low velocity, low pressure burner rig - early version of G.E. small burner rig. 
J P.-5 referee fusl with 0.25 wt % S, air/fuel ratio 30/1. Sea salt (both natural and simthetic) 
sprayed in ajueous solution into air, maximun 200 ppm. All tests 50h. Specimens cyibidrical pins 
o!& ín long byO. 125 in diameter. Metallographie evaluation used principally: author 
loss TeasurenEnts could be high.ly misleading. Figure 41.1 shows the loss in diameter for 713, SEL, 
SELr15 and X-40 for teats on the tenperature range 1600 - 2000F (871 - 1093 C) with 0 and 2 ppm salt: 
Figure'll.2 shows the loss in diameter for these four alloys and IN-100, Hastelloy X, K2 andL605 
tested a* 200 ppm salt. At the lower salt oono^trations, the attack ^ ^J^ur "illtys was 
qFi_i5 was a uttle poorer than the others, but the remainder showed no differences at all. The attagk 
at 2J0 ^ salt S ^greater: SEL was relatively poor, the attack reaching a maximum at about 1020 C. 
713^was^rether worse, particularly at 920°C, and SEL-15 IN-100 and (at 1020¾) L605 were very nuch worse. 

All the nickel-base alloys studies at 9X3 - 1093°C with 200 ppm salt formed nickel oxide and 
seineIs with lattioe parareters in the range 8.16 - 8.34 8 and usually in the range 8.28 - 8.34 A} these 
latter were identified as NiCr,0.. Figure 41.3 shews a cross-section of a SEL specimen <200 ppn salt: 
test température not given) shewing severe grain boundary attack and penetration of small globular 
partiell along the grain boundaries. At high salt and sulphur concentrations 2°0 s) 
large grey phases and golden coloured areas were apparent in the depleted zgnesin the metal beneath the 
SMle/meSl interface/ Figure 41.4 shows such a structure produced at 913°C: for comparison. Figure 41.5 
shows a specimen tested with no sea salt present. Table 41-1 contains the electron micrcprcte a^alysu 
of these two structures. For the oxidised specimen, the outer oxide was durcmium and titaniun rich. 
The subsurface oxide was aluminium and molybdenum rich, and in the metal near the surface there 'J®8 ^ 
increase in nickel and cobalt and a decrease in chrcmiun, aluminium, Utaniun and molybdenum. ^ ^ , 
-orroded specimen the grey phases appeared to be essentially chromium-rich M_^3 sulphides, with the angular 
ph^Sinf^c/ Nr^! Al) 2S3 and the globular phase being (Cr, 00^)¾. Bae 9old-coloured area 
(appearing light-grey in the micrographs) was predominantly nickel sulphide Containing sane acbalt. 
apparently the eutectic of Ni,S, and Ni. The affected zone between the sulphides and the surface was 
depleted of all titanium, som? álumúniuti and most of the chromium. Nickel was considerably higher, 
jTDlybdenum slightly lewer* and cobalt lewer than the matrix* 

200 ppm NaOH gave effects similar to sea salt at 913 and 982°C. So did LiOH: at 1675F and I8OOF 
(913 and 982°C) a deposit of Li^SO. was formed which led to severe hot corrosion. ^asnot 
noticeably aggresive however. 2The hot corrosion at three sulphur levels, 88, 2.0 and 0.07 ppn with 
200 ppm sea salt or NaCl was determined, the gulphur being the total in the fiel, and J^8Ult 
for four alloys, including SEL at 913 and 982¾ are shewn in Figures 41.6 and 41.7. Also included are 
the results for 83 ppm sulphur and no salt: the rate of attack on all the alleys is very small. 

A.U. Seybolt, AIME, 242 (1968) 1955. 

Reports analysis of sulphides formed during oorrogicn of SEL in a 
small burner rig) for lOOh at 1000 - 1750°F (871 - 955¾) miming jet fuel with iroected sea salt. Seme 
sulphide particles were as large as 30 wn. The results for three samples are shewn be lew: 

SEL-1 

2 

3 

Tarp. °F 
1750 

1750 

1600 

59.5 

55.6 

60.6 

Ni 
3.3 

8.0 

7.6 

Cr, 
34.2 

34.3 

24.5 

Co (all at %) Formula 

3*2 MSr.46 

1.62 

1.54 

2.1 

7.2 

MS 

MS 



H. vun L. Doering and P.A. üergnan, Naval Slip Research and Develqrntint Centre, Materials Laboratory 

Research ^uvl IJevclogent Report No. ¿844 (Mirch 1969) 

See 713C for details. In a lüüti at 1750°F (955°C) witli 2<XJ ppn sait tl>e surface loss was 15.9 mils 

and ti je maxúium penetration 26.4 mils; about tiie sane as L605. ratiier better than SM 20ü and a lot worse than 
U 50Ü. In a luuüli test with 5 ppni salt tlie figures were 31.5 and 51.8 mils respectively; again worse 

than U 500, a little better tljan 713C. 

R. Field, D.J. Fisk and H. von E. Doering, Naval Ship Research and Development Centre, Materials Laboratory, 

Research and Development Reixirt 2833 (January 1969) 

See 713C. 

M. Kauf nun, Trans. AS4 62 (1969) 590. 

*/8 in diameter pins in ^/4 in length, tested in tiie sirall burner rig described in the paper by Bergman. 

JP-5 fuel containing 0.34s S at an air/fuel ratio of 30/1 at atmospheric pressure. 0 or 200 ppm synthetic 
sea salt in the air. /4 - louh exposure at 1675 and 1800 1 (913 and 9820 and also at 2000 F (1093 C) 

for the ccbait-base alloys testeci. biss of section .md nuximum ¡Jenetration was evaluated metallographically. 

Figure 41.8 shews the appearance oí SEL, oxidised without, salt for lOOh at 1675°F; fine oxide fingers 

penetrate into tiie retal. Figure 41.9 shows the corrosion of SEL in 200 ppm salt at 1675 and 1800°F as 

a function of tine: after upproxinetcly 2h at the higher tenperature, the rate bocones linear. This 

Figure also shows the oxidation rate without salt:Qthe rate becomes linear after approximately 20h at 

16751, but does not seem to becane linear at 1800°F. 

Na.SO. was found on every specimen, but NaCl was never detected (by X-ray diffraction). T^e external 

scale products in 200 ppm salt tests were determined, sene NiO was present at both 1675 and 1800 F, a 
small amount of Cr/h and a "high parameter" spinel (a = 8.27 - 8.33 A). In no^salt tests NiO was 
possibly present in Small amounts, together with higheÿ parameter spinel at 1800°F. Ihe subsurface sulphide 

particles in the 200 ppn salt test 'were mainly CrS with sane Al, Ti and Ni. 

W.L. Vheatfal1, in "High Temperature Corrosion of Aerospace Alloys" J. Stringer, R.I. Jaffee and T.F. Kearns 

(eds.), /‘¿Vil® Conference Proceedings No. 120, (March 1973) 235. 

See 713C for details. 

Data relating to this alloy will also be found in the following Figures : 

10.58, 10.105, 10.106. 

and Tables, 

lO-VIII, 10-XXX. 



tabu: 41-1 

im.-miN mi cio-RM; raisturs tor ski, (EKicmN) 

Test 
Cbndl Uon 

Kig.No. location Area -Con^siti^tw/ü)--- 

-ÎÜ-_¿X.Mb»,.isi ,., ,T|_2. 

1675 F (913 C) 41.5 

0 p¡jr; Sea Salt 

1 - Surface oxide 
2 - Metal between oxides 
3 - Sub-surface oxide 
4 - Metal 
5 - Metal 
6 - base caiposition 

Ti 
51.0 30.0 b.8 

A1 
50.3 27.2 11.0 
48.4 26.7 12.8 
46.0 26.3 15.5 

Cr-rich 
3.7 4.5 0.5 

Mo-rich 
3.9 4.8 1.8 
4.3 5.6 1.7 
4.3 5.6 1.8 

1675 F (913 C) 41.4 

200 ppm Sea 
Salt 

1 - large grey angular 12.6 
phase 

2 - large grey globular 8.6 
phase 

3 - Golden-colored phase 71.0 
4 - Metal ,’3.1 
5 - Metal 76.1 
6 - Metal 75.2 
7 - Base ccrposition 46.0 

4.9 

7.1 

5.7 
20.2 
17. J. 
20.3 
26.3 

::9.4 

37.2 

0.5 
0.4 
0.4 

15.5 

3.7 

3.7 
3.7 
3.7 
4.3 

3.5 

1.7 
1.9 
1.0 
5.6 

46.5 

47.0 

23.5 

1.8 
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Uguri- 41 7 Ifirtt of nulphur at 
1800 r (982 C) 200 ppr. »»lt and 
50 hour# Rvaults on the rlfht for 
a high aulphur content and no aalt 
are included for conparlaon. 
(Bergsan).

r>(ur<* -ai » SIL o»id>»t‘d •« 
167S'’f <913''D for lOOh no

>alt . »hu»ing fine- subnurfnn' cx»d«- 
fingrrs (X40C) (Knufnati)

I

Tl»r,

Figure 41.9. Corronlon of SEL. 
line*, »lth 200 ppn sen salt In 
dashed lines, slth no salt. 
(Kaufnan).

Full

sir;



Figure 41.1. The top graph shows 
the elfects of 50 hours with no sea 

salt and the bottom graph is for 
50 hours at 2 ppm sea salt. 

(Bergman). 

Figure 41.2. Hot corrosion results 

for BO hours at 200 ppa sea salt. 

(Bergnan). 



i’.A. Bunjnun, tornision 23 (l*3t)7) 72. 

See SIX for a svutiktry oí Uic nethod. Witli no salt, SIX 15 w.is the nost resistant of the alloys (the 
others v*re SIX, 713, X-4ü) ami oUxit the sane as the otl*rs witli 2 p(in salt (all were however quite 
resistant under tiiese ceirvlit-ions). Witli 2UU pin: salt the corrosion of SIX 15 was very severe: it and 
IN In. «ere tiie worst ally’s tested. With high suljiiur (08 pun) and no salt, the attack was very snail: with 
2n sea salt ami 0.25* S in tlie fuel the attack was very rapid at 982 C; and with 200 pjm NaCl and 
0.0002* S tiie attack was slight. Howewr, at 913 C tiie <il 1 iy was sewrely attticked at all three sulphur 
levels with salt. 

H. von E. IXennq and P.A. Bergnun, Naval Ship Research .and hewloprent Centre Materials Laboratory Research 
and Dewlojrrent Report No. 2844 (March 1969). 

See 713C for details. In a lOOh test at 1750°F (955°C) with 200 pjm salt and in a 1000h test with 
5 F*rr. salt the specinen was cxrpletely destroyed. IN 100 wasas bad, 713C rather better. 

R. Meld, D.J. 1 isk and II. von E. Doering, Naval Ship Research and Develojjrent Centro, Mi tenais Laboratory 
Research and Develcprent Report 2833 (January 1969). 

See 713C. 

V.S. .Mere and A.R. Stetson, Final Repjrt on NASC Contract Nu. NOfK19-68<-0)532 (Solar tese arch Division 
Report RTR 1626-5) Deoerter 1970. 

See D 1900 for details. The corrosion resistance was very poor, ccrparal le with B 1900 and 1.4 100. 

For SIX 15 two specimens -were tested for 10h at 1650°F: the weight changes -were -0.4 and 
-7.2 rg how» ver »note that the specimens had at this time, so weight gain due to oxidation mist 
have more or less balanced weight loss due to spallation etc.), /ifter 20h at 180û°F, the changes were 
-4895 and -3673 mg. 

W.L. kheatfall, in "High Temperature Corrosion of Aerospace Alloys" J. Stringer, R.I. Jaffee and 
T.F. Kearns (eds.), AGARD Conference Proceedings No. 120, (March 1973) 235. 

See 713C for details. 

Data relating to this alloy will also be found in the following Figures : 
10.105, 10.106, 10.123, 10.124, 41.1, 41.2, 41.6, 41.7j 
and Tables : 
1-X, 10-VIlI, 10-XXX. 



J.J. Walters lAVOü/Lycxirùng Division) Technical Kuport to tlie Air l’orœ Materials Laboratory, Wright- 
Patterson Air l'orce Base AiML-TO 67-297 (Sept. 1967). 

extended sumuri' in B 19UD. TW 18(X) was one of a group of alleys described as having "relatively 
good resistance to attack" - tlie otliers in this group were U700 and IN728X. For TW IflUO the threshold 
and terminal terperatures after 12y ,ind 36(ih testing with JP-4 fuel and 4 ppn salt in the air were 
1500 and 1600 F> and 1475 anti 1635 F (816 and 871 C; 802 and 891 C). X-ray analysis of corrosion 
products found on tiie trailing edge after 40h rig testing detected in order of predominance a spinel with 
a =8.24 A, NiO, a trace of NiWD. and a trace of A1203. After 120h testing they were the sane as at the 
shorter tin*». Ttie ccrrosicm products detected in pwdCr raicved from an area whidi had undergone sulphidation 
corrosion in a 120h test were a spinel with a = 8.20 A, NiO and NiWO,. A microprcbe analysis of the 
depleted neta! zone was 90.5* Ni, 0.5* Cr, 2.8* Al, 0.08* Ti, l.Ot ¡Si and 4.6* W. 

Figure 43.1 shows the corrosion of TBW 1800 tested using JP-4 fi*5l and a salt -to-air ratio of 
8 ppn as a function of terperature. Figure 43.2; JP-4 4 ppn salt. Figure 43.3; JP-4R, 8 ppn salt. Figure 
43.4; JP-4K, 4 ppr salt. Figure 43.5; Jl»-5, 8 ppn salt. Figure 43.6 shows the corrosion as a function 
of twperature for three different testing times - 120, 240, and 36Gh using JP-4 fuel, 4 ppn salt. 

Altixiugh "Mt-IttJj seems quite good at ti» shortest time, its long-term resistance does not seem 
as good as the otlwr resistant alloys, U 700 and IN 728X. 

Data relating to this alloy will also be found in ti» following Figures : 
1.1, 1.7, 1.8, 10.13, 10.14; 
and Tables : 
1-1, 1-U 1-IV, 1-V, 1-VI, 1-MI, 1-V11I, 1-IX. 



Mtl«) (•«■»»alar* - "f 

Figure 43.1. Corroaion as • function 
of tenperature for TRW 1800 teated 

using JP-4 fuel elth a Salt/Alr 
Ratio of 8 ppa. (Waltera). 

Figure 43.2. Corroaion aa a function 

of temperature for TRW 1800 teated 
ualng JP-4 fuel with a Salt/Alr 
Ratio of 4 ppn. (Waltera). 

Figure 43.3. Corroaion aa a function 
of tenperature for TRW laoo ualng 
JP-4R fuel with a Salt/Alr Ratio of 
8 ppn. (Walters). 
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Figure 43.4. Corrosion sa a function 

of tenperature for TRW 1800 using 

JP-4R fuel with a Salt/Air Ratio of 

4 ppa. (Walters). 
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TOI 1900 

L.D. Graham, J.D. Gadd and R.J. Quigg, Hot Corrosion Problems Associated with Gas Turbines, ASTM Special 
Technical Publication, SIT 421, 1967, 105. 

See 713C for details. TFW 1900 was one of the worst alloys tested - only MM 302 was worse. 
B 1900, NM 200 about the same. 

P.E. Hamilton, K.H. Ryan and E.S. Nichols, Hot Corrosion Problems Associated with Gas Turbines, ASTM Special 
Technical Publication STP 421, 1967, 188. 

See 713C for details. Without salt injection, TOI 1900 is better than Mor-M 200 and 713C; 
with salt injection TO*' 1900 together with IN 100 were the worst alleys tested. 

Data relating to this alloy will also be found in Figures s 
10.68, 10.74 and 10.75. 

. . 
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P.A. Beitjíiar, c.T. Sins and A.N. Beltran, Hot Corrosion Probien* Associated with Gas Turbinesi ASTM 
Special Technical Publication SIP 421, 1967, 38. 

See 713C for details. 200 ppm salt at 1750F (954°C). Surface loss in burner rig, 100h, «sox 
2 mis on diameter: maxinun penetration about 10 mils. This is very good. Figure 45.1 shows inter¬ 
granular attack. Ooranercial experience shows this to be a good, hot-corrosion resistant alloy. 

B.O. Buckland, A.D. Foster and J.J. Treanor, Presented at National Association of Corrosion Engineers 
Annual Meeting (^sril 21, 1966) Miami, Florida. 

Used "small burner test" in range 100 - 6000h, 1400 - 2000°F (760 - 1093°C), variety of fuels and 
contaminants= assessed corrosion metallographically. Found could ctescribe attack as 

oorrosicn a (time)n 
where the exponent n increases with tenperature, from 1/3 to 1. Depends cn alloy, but usually about 1/3 
for 1100 - 140gF (593 - 760 C), about \ for 1400 - I’OOF (760 - 927 C) and approx. 1 at 1900 and 2000^ 
(1038 and 1093 C). Tests up to 5000h necessary to extrapolate to times of 30,000 to 100,000h. U500 
suffered scr»rfhat higher oorrosion in distillate gas oils containing 5 ppn sodiun than in natural gas. As 
much as 2.351 S in the fuel seemed to make little difference. 5 ppm sodiun and 2 ppn vanadiun in the gas 
oil produced corrosion. Corrosion with fuels containing appreciable quantities of alkalis characteris¬ 
tically exhibited a delayed reaction in which the initial corrosion rate was no different from that with 
natural gas; however, after a certain time depending on the alloy and the all cali concentration, the 
corrosion rate may increase greatly. Figure 45.2 shows a gr<*h of total corrosion with natural gas at a 
number of temperatures as a function of time. Table 45-1 shows total corrosion for five different *uels 
for various temperatures and times, and Table 45-11 shows oorrosion with residual fuels. General) d 500 
seemed fairly resistant - ocnparable with X-45. In addition, so* actual gas turbine ocrponents were 
studied after servioe: one of these was of U 500 (port Bll - see Table 45-XII) fron 20,730 h in a turbine 
burning naturalgas. The shutdown froquency was 0.25 stops per 100h. The calculated metal temperature 
was 1330 i (721 C) ; the corrosion was l mil, which is equivalent to the oorrosicn rate at a "small burner" 
test temperature of 1410 F (766 C). It was concluded that there were four important variables: shutdown 
frequency (30 ghutdcwn per 100h gives an apparent tern. 25°F higher than the actual) ; fuel (apparent 
temperaturg 60 F higher with treated crude or residual fuels than with natural gas) ; service rating (poor 
service 70 F worse than good servioe) ; turbine part (buckets U0F higher than nozzles - possibly due to 
stress effects or erosion, but seemed unreasonably hi^er). Pressure seemed to have no systematic effect. 
The general idea is, one assesses these four factors for a given part from an engine, and hence get an , 
apparent enhancement temperature - add this to the actual temperature to give the "apparent taiperature" - 
then the small burner test graph should give the corrosion rate. Table 45-IV shows the correlations 
obtained. 

R.M. Schirmer and H.T. Quigj, Progress Report No. 3 for NASC Contract NO 65-0310-d; Phillips Petroleum 
Company Research Division Report 4370-66R (June 15, 1966). w 

See 713C for details. 

U-500 suffers heavy attack at 1400 and 1600°C at 10 ppn salt with 0.002 and 0.04% S in the fuel. 
Otherwise, the alloy was fairly resistant. U-500 seem* quite goad, but not all that much better than 713C. 
Figure 45.3 shews the effect of fuel sulphur, sea salt in the air and gas terperature on the weight loss, 
figure 43.4 shews a detail of the interface of U-500 specimen tested for 5h at 2200°F, 10 ppn sea salt in 
the air and 0.0002 wt % S in the fuel shaving a very irregular metal interface. 

At .000 i, with 0.040 wt % S in the fuel and 10.0 ppn salt in the air, the weight loss corresponds to 
a penetration of 0.6 mils in 5h; the measured sulphide penetration was 10.6 mils. The metal durability in 
terre of penetration from tne cross-sectional area was oerpared: U-500 and IN 713 C are the best alloys «d 
are fairly amparable. In terms of weight loss the results are the same, but U-500 looks a little better 
than 713C. 

Increasing the temperature from 1400 to 1600°F decreased the metal wei^t loss with 0.40 wt % S in 
"“ Jr61' *** had no e*fect. at lewer sulphur levels. An increase from 1800 to 20uü°F and fron 2000 to 
2200 F increased the weight loss at 10.0 ppm sea salt but had no effect at lower levels of sea salt. 
Increasing the temperature fron 1800 to 2200°F increased metal loss at all three levels of sea salt. 
Increasing the sea salt increased metal loss at lover temperatures, and in the majority of at hi*, 
temperatures. Sulphur content had very little effect at low terperatures and none at high temperatures. 

0500 suffers from only limited oxidation attack (Fig. 45.5) and only restricted penetration of sulphur 
m lav salt, high sulphur test (Fig. 45.6). Figure 45.5 shews the cross-section of U-500 after 5h at 2200¾ 
with no sea salt and 0.0002 wt % S in the fuel. Figure 45.6 shows a section after 5h at 1400rF with no sea 
sflfc ^ 0-« V* I S in fuel. Figure 45.7 shows a section after 5h at 1600°F “íh 10 ppn sea sS?^ 
air and 0.0002 wt % S in the fuel: there is heavy sulphide penetration and "interdendriUc" oxidation 

aP?f'Än30llC*'Ulg ^ sulphide P^tratian. Figure 45.8 shows a section after 5h at 1800¾. 10.0 ppn 

s.86*10" after ^ at 2200 F' 10 ^ 8alt' 0-0002 * 4 s‘ ^ 

H.T. Ouigg and R.M. Schirmer Progress Report No. 3 on NASC Contract NO 66-0263-d; Phillips Petroleum 
Ccnpany Research Division Report 4706-67R, April 1967. w 

* ^7.130 .Stalls. Figure 45.11 shews a cross-section of the surface of the convex side of a firrt 
stage turbine blade that had completed 1800h in domestic air-line servioe since overtaS!^ ide of a first 



H.T. Quigg and R.M. Schirmer Progress Report No. 4 on NASC Contract NO 65-0310-d> Phillips Petroleun 
Ccrrpany Report 4411-66R August 1966. w 

See 713C for details. 

R. Viswanathan Corrosion 24 (1968)359. 

o^J^ for details. U 500 was one of the better alloys tested, losing 2.6 mg/cm2 in 150 h at 
1500 F (816 C); 96.0% of the alloy was unaffected. Waspalloy was much the sane, as was 04R 235. Figure 
45.12 shews the essentially uniform attack on 0500, 

0500 was modified by adding 0.1 - 0.3% of lanthanum and yttrium» the scale contained Cr.O, ,A1_0, 
(MgO)(TiOjJy and the affected alloy contained CrSx> TiSx and LaSx. No further details are giOefi. 2 3 

The effect of two different sulphur trioxide levels in the gas stream was tested: 6 ppm and 150 ppm 
for U-500the weight losses in a 150h test at 1500°F(816 C) were 1.60 and 2.6 mg/cm2 respectively. 0-500 
was less sensitive to the sulphur trioxide level than alloys such as 0-700, 713 C and Inco 700. 

A.U. Seybolt, Trans AIME, 242,(1968) 1955. 

Figure 45.13 shows the hot corrosion morphology of U-500 after 616h at 1600°F (871°C) in a corbusted 
2.9% S distillate oil containing 125 ppm sodium as NaCl, This alloy was then subjected to electron probe 
micro-analysis for Cr along a traverse from a chromium sulphide inclusion through the matrix» the result 
is shewn in Figure 45.14. There is a considerable chromium depletion in the matrix adjacent to the 
particle: it was then shewn that U-500 with only 7% Cr would suffer rapid oxidation, inplying that the 
depleted retal adjacent to the sulphide is oxidised rapidly in hot corrosion. Figure 45.15 shows the 
oxidation of U-500 after 3 days at 1000 C in air. Figure 45.16 shows the 7% Cr alloy after the same 
treatment. 

Figure 45.17 shews a secUon of cast U-500 tested for 1000h in a hot corrosion rig (presumably the 
GE rig described by Bergman) at 1750°F (955¾), using 1% S diesel fuel with 5 ppm sea salt (not clear 
'whether in fuel or air). The penetration recorded for this test was 0.023 in in one and 0.058 in 
in another. An alloy containing 0,5% Ce was prepared: the penetration in a similar test wem 0.012 in» 
the microstructure is shown in Figure 45.18. 

H. von E. Doering and P. A. Bergman, Naval Ship Research and Development Centre Materials Laboratory 
and Development Report No. 2844 (March 1969) 

See 713C for details. In a 100h test at 1750°F (955°C) with 200 ppm salt, U-500 was the best 
of the alleys tested: the surface loss was 1.1 mils, and the maxinum penetration was 7>0 mils. In a 
lOOCh test with 5ppm salt the corresponding values were 8.8 and 31.7 mils, still much better than SEL, 
the next best of the nickel base alloys tested, but not as good as the cobalt-based alloys X-40 and 
L605. 

H. von E. Doering and P. A. Bergman, Naval Ship Research and Development Centre, Materials Laboratory 
Research and Development Report 2833 (January 1969). 

See 713C. 

H. T. Qiigg and R. M. Schirmer, Progress Report No. 3 on NASC Contract No. N00019-68-00252 (Phillips 
Petroleum Conpany Research and Development Report 5423-69) July 1969. 

See 713C for details. This report is primarily concerned with testing the ASTM "Round Robin” 
group of alloys in the Phillips Turbine Qwironmental Simulator using a cyclic test in which the 
specimen is heateg to 16gO, 1800 or 2000°F (871, 982 or 1093°C) maximum temperature for 8 min following 
a cooling to 1000 F (538 C) for 2 min, producing an attack approximately six times more severe than the 
isothermal routine used in their earlier tests. After 44h at 2000 F maximun, the weight loss was 
56 mg/cm , the surface loss was 2 mils and the maximum attack was 8 mils. This was by far the best of 
the allays tested, much better than IN 738. It was estimated that it would take 81h for the specimen to 
lose 127 mg/cm . Figure 45.19 shows a U-500 specimen after 143h in a 2000°F test. 

The data are presented in tables and graphs (see 713C). 

ASTM Round Robin Test organised by the Hot Corrosion Task Force of the Gas Turbine Panel, 1970. 

See 713C for details. U-500 was one of the best two allays tested; the other was IN 738. Figure 45.20 
shows the metal loss data reported by the participants. 
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See 713C for details. The paper is oonœmed with the effect of malten sa'ts at 1650oF (899°C) 
AMS S384, is clearly U-EOO. Figure 45.21sh^ thfciar^ei^ 

^fr-ííiL^611 33 3 ^ tfme- Figure 45.22 shows sections of the alloy corroded under 
Flyure 45,23 shcws mQXimuln oxide penetration as a function of tine in air, 

i aif ^°0 respectively. Figure 45.24 shows sections of specimens 
preoxidised before inversion in molten Na-SO.-5°<> NaCl. Whereas 713C was attacked bv both Na so and 
Na¿S04-NaCl mixtures, U-500 was attacked by the mixed salt. ^ ^2^4 ^ 

^bíicaSon^p3«!-, «6^223^ ^ Problans ^s^iated with Gas Turbines, ASTO Special Technical 

for an extended sutmary. A nuntxar of alleys tested in a simulated conbustion gas at 
1450 Í (788 C), coated with 50', Na 50», Na S0 /50», MjSO , for lOOh. Alloys designated by nunber only, 
and approxinate^npositions givenf No. D^apßears to lá U-500. There was very little attack after 
either 100 or 200h. Tests were also run on this alloy at 1250, 1350 and 1450F (677, 732 and 7881¾). 
The attack was greater at the two lewer tenperatures. (Figure 45.25). 

Corroded specimens -were examined by electron probe micro-analysis: Figure 45.26 shows the results. 

ïcLS^ÏiSion ^l?'l967,C27aSÍOn wlth 033 ^STM Special 

, .. ^.y330 f?f paper is drawn from reports abstracted above, and describes experiments 
in the Phillips Environmental Simulator at temperatures in the range 1400 - 2200°F (760 -1204°C) with 

£.f- S ^ ^ ““l- °’ ^-° «>" s“ » th. »S; Si«1“ the 
lof“* £or ^500.^ a function of time and test conditions. U-500 was the best of the group tested 

a little better than 713C (but not a very marked ditferenoe). MX>1 coated 713C was better thaneither. 

th3t experiments at General Electric Research and Develoonent 
Center had shown that U-500 can be hot corroded by Na,S0. in the absence of NaCl (tvpicallv at inocTr 
sea ¡alt h’^Cl°" other 3ll°^ ^13c and Si-200) corrosion tel beeí produced by 
th^n Ae'su^uT0 VÍ1 313501100 of fuel sulphur: they felt the sodium was important rather 

C. S. Wukusick, Paper no. 
No. 52, 1969. 

12 in Reactions Between Gasses and Solids, AGARD Conference Proceedings 

Figure 45.27(a) shows oxidation of U-500 turbine blades during service. 

S. Y. tee and W. E. Young in Corbustion and Heat Transfer 
No. 11, E. R. Norster (ed.) (Pergamon, Oxford 1971) 253. 

in Gas Turbine Systems: Cranfield Syrrposiun 

See 713C for details and the principal results, 
on the oxidation rate. 

Figure 45.28 shows the effect of specimen cooling 

S. Y. tee, S. M. DeCorro and W. E. Young, J. Eng. for Power (Trans. ASME) July 1971, 313. 

Slmilar to Paper above. The test specimen geonetries include i in 
£ rZn aPC paddles, and cylinders with holes in the walls for therrocouples: these last 

1?«rr$FPw!^ air Flgure 45,29 shows oxidation of U-500 and X-45 as a function 
hnrreyTdva^ descaled- ^ scale appeared to spall continuously fron U-500, 
«hLf^hffÍYtÍlhtlFfd^r?nt to^-45' 10 spit® of the 1 h cycles in the test. Ntetallographic examinatia 

LSSrtiS. e ““ ^sca1' 'px-45 
,n x"45 ^5 3 greater degree of oxidation than U-500 in the pressurised test rig. Figure 

e3foCt °f gas verity on the oxidation. Figure 45.31 shows the oxidation rate at 
pro3sur<= 33 3 function of time up to 500h: oxidation is relatively rapid up to 

about 200h, but thereafter the rate decreases. The oxidation of the two alloys is approximately the 

ThZcorrelat/m te/^n^reafter oxidises rather "»re slowly. However, the difference is not great 
. ie pressurised passage oxidation and that in practice seats quite good: U-500 

blades removed from the turbine after 20,0OJh sendee had lost approximately 4 mils (see C. J. 
Spengler et al, Metals Eng. Quart., 10 (1970)), which is closely similar to the value found by extra¬ 
polating a pressurised passage test at a similar tarperature and contaminant condition. 
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f5-32shcw8 results of 50h tests using the specification limit of 5 ppn sodiun in the 
^ ^ alloys are very similar at 1450 F (788°C) but X-45 is rather better at 1800°F 

(9Ö2 C). The loss was sane ten times greater at the higher terperature. 

no 3î at 15œ°F (816°C) for 15Gh at 3 atm pressure burning fuel containing 
i ^ -or several superalloys. With the higher vanadiun content X-45 
^ alloy8 (the others were U-500, U-710, M-421, 738X, and 713C, in order of 

f®^stance ^ attack>- Fi5ure 45.34 oaipates X-45 and U-500 with 2 ppm vanadiun, no sodiun, 
^.88^ 38 3 function of time up tc 500h. up to 150h, X-45 is less attacked, but 

thprv'witY iS ^etter' authors ocmnait that, at this level, extrapolation indicates that 
there will be no serious problem at 1500°F, in agreement with field experience that "minor corrosion will 
V*!Pl3® at a vanadiun level of 2ppn and a sodiun ievel of less than 1 ppm, but not to the catastrophic 
N^H-CT^8!>ri968)l3ly hÍghCr oont3minant levels". (C. E. Hussey and iTw. Johnson, ASME paper ^ 

Figure 45.35 shews the corrosion of a ranter of allays at 1500°F at 3 atm pressure for 150h with 
2 ppm vanadiun and 0, 2 and 5 ppm sodiun in the fuel. In these tests, 713C was the worst at all sodiun 
ifîÜ LaUOiY (X’45' U"500' U"710' ^-73^ ^ «1) were essentially similar to each 
others the loss of metal was some five times as great with 5 ppm sodiun as with no sodiun. In addition 
there was significant sub-scale sulphidation of the alloys. Examination of specimens tested with 2 ppm 
vanadium and 5 ppm sodium showed catastrcphic attack on 713C, intolerable penetrations of 10 mils on 
u-duj, and o mils on X-45 in 150h. 

S. Y. tee, W. E. Young and C. E. Hussey, J. Q>g. for Power, Trans. ASME (April 1972) 149. 

^ 1971 P3!** SLrmarised above, in particular reporting data on cooled specimens 
(Figure 45.35 includes two points fron this work). Figure 45.36 shows the effect of gas and metal 

^ ”5r?sion of ^500, Fi9u« «.37 ocepares the corrosion rate of several alloys when 
burning 3-OT fuel with 5ppm Na and 3ppm V as corpared to normal oxidation. 

C. J. Spengler, .-.. Y. tee and W. E. Young, in "Deposition and Corrosion in Gas Turbines" A. B. Har- and 
A. J. B. Cutler (eds.) (Applied Science Publishers, tendon, 1973) 294. 

This paper d< scribes the use of the Westinghouse pressurised passage rig, burning a variety of 
fuels under a yariity of conditions, with either dia. pins, airfoil shaped paddles, or cylinders for 
¿íter?uHy °2?led t;8t- 10 action the use of a "corrosion dipstick" in actual operating turbines is 

Fifurf 45,38 oonpares the dipstick and laboratory turbine simulator tests for U-500 and 
IN-7°0> for a fuel containing 2 ppm V and 0.8 ppn Na. The correlation between the two tests was only 
fair, but corrosion rates in both cases were very small. Table 45-V lists the metal loss for a ranter 

kV?)6.***’*®81** at® so* differences in the corrosion products in the two tests. 
For U-500 and X-45, the specimens fron the turbine simulator showed the presence of vanadiun-ccntaining 
SP^L8??leS ^ f^if^agnesiun salts. There was little Cr20, present and very limited subscale 

°r specimens of the same alloys fferf the monitor show norma). Cr,0, scales 
and no subscale sulphidation; there is a (Ni,Co) vanadate present on the surface but no defect tide 
sodiun-ccntaining salts. The authors oorment that whereas in the siirulator the specimens were hot 

a11 0YBr',inJÎ* they were irregularly attacked, with normal oxidation in seme places 
So5s ^liSed dePOBltion of alkali «»tal salts which produced in alloys lixe IN 700 and 713C local catastrophic attack. 

3-C7T ef!ect of varios additives on the deposits formed when burning 
3-GT fuel. Table 45-V1 shews the effect of the additives on the corrosion of U-500, X-45, U-710 and 713C. 

Another section was ccnoerned with the evaluation of various coatings on U-500 and X-45 using both 
a small burner spinning rig and the pressurised passage turbine simulator. Figure 45.39 shows tbe 
behaviour of unooated U-500, slurry coating type NC-301, uncoated x-45 and uncoated U-710 in a spinning 
rig test. Figure 45.40 shews the behaviour of U-500 and X-45 both uncoated and with a variety of 

^anlff^^^f,Ulat?r^„Fi9Ur? 45,41 shows ^ 10031186(3 Penetration determined metallographically 
at different sections of the specimens. A is near the tip, and D near the root. Figure 45.42 shows 

°f a ’ n500 ^1^1 fran 016 spinning rig? Figure 45.43 shows sections 
from turbine simulator specimens. Figure 45.44 shews the average penetration rates at the different 
1650^^9¾.^ ^5°° 31X1 X"45' 00310(1 30(1 unooated, in the spinning rig and the simulator at 

^ 0011:08100 of Aerospace Alloys", J. Stringer, R. I. Jaffee and 
T. F. Kearns (eds. ), AGARD Conference Proceedings No. 120 (March 1973) 235. 

See 713C and In-738 for details. 
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C. E. Hussey, S. y. lee and W. E. Young, presented to ASTM Annual Meeting Synpoeiun on Gas Turbine Fuel 
Requirements, Handling and Quality Control, June 1972. 

öprienoe with ^ Westinjl^jse W171 gas turbines installed at the Miraflores 
station of the Panama Canal Co. overhauled .md put in to service in 1965 burning a fuel containing less 
than 1c ppn Na, less than 4 ¡V1' V, less than 10 ppn Ca and less than 1.81 S. Although sane oorrosicn 
^,e?¡eCted' 0^n ^ ruduool turbine inlet tnrperature of 137¾ (746®C), the œrrosion after 6375h 
t peration was extensive. Hie turbines were overhauled and pit back into service in 1966 using the sane 

bUt ^ î treüU!d stlU-'’ w^ttl ^ v.inadiim averaging 2.5 ppn and the sodian 0.5 ppm. After nearly 
aOOOh, inspection showed only minor acceptable corrosion. Laboratory tests using a pressurised passage 

I^war^havnCthitS5T*mTtJCk turbu¥-'' supt^anente^ tlie practical obeervatiœs. 
Lt^ií^lít of Stack.2 ^ 1 SUrfaCe tclTtJf'rjture 15ajh (816¾ would result in an 

Hie first and second stage vanes 
and IN700 in the other. 

were U500. Hie first stage blades were U520 in one of the turbines, 

lx tens ire damage of the first stage U5CXJ v.ines had occurred after 6375h}the second stage vanes 
shored heavy surface oorrusion similar to the first stige, but less sere re. Both tiie first and second 
nvi blades shared heavy oxidation scale with evidence of surface corrosion. Figure 45.45 shows the first 
stage U-500 vanes. M-tallographic examination showed the presence of grey islands of CrS in the affect¬ 
ed layer of the alloy beneath the oorrosicn in ter fare. Table 45 - Vll lists the crrposiíion found in 
the turbine blade path: tliey include sodiim sulphate, nickel oxide1, and various vanadium and sodian/ 
vandiiri oxides. 

Figure 45.46 shews the pressure side of USOO stator blades after using the treated fuel; the sucticn 
(conrex) side shewed no visilde attack. Hie deposit lerel was much less, and the coipcnents identified 
by X-ray diffraction are listed in Table 45 - Vlll: they include nickel irai oxide, nickel vanadates, 
nickel oxide, cobalt sulphate, cobalt vanadate, and sodiim nugnesiim sulphate, Na^Mg(SO.)..411,0. Hiis 
is the product o| a 50^50 rolar mixture of sodium and nagnesiim sulphates heated to tlie4rfItiftg point, 
which is at 1250 F (621 C) : the authors i »diere this is an important con-os ire constituent in the 
deposit. 

S. K. Rhee and A. R. Spenœr, uxid. Metals 8 (1973) 11. 

See RA 333. Sheet specurens, annealed 8h in dry hydrogen at il50°C, ground to 320 grit, oxidised 
in static air over the terpreraturo range 760 - 12C*J° '. All specimens witlidrawn and cooled at 4, 16, 64, 
100, 2iX), 30fj, 40U, 500 and 6uoh, cue reri.reii each cycle for examination. Parabolic weight gain. 

HC. 

760 

870 

982 

1093 

1150 

1204 

Kite constants 
g^arf 4s“l 

4.63 X 10"14 

9.01 X 10-13 

9.08 X 10-12 

1.56 X 10-11 

1.16 X 10"10 

2.78 X 10-10 

Activation energy = 58.8 kcals/ncle 

Total time, 
h. 

600 

600 

400 

200 

500 

100 

Major phase in outer scale was CrjOg, probably with Ni(Al,Cr)20. spinel dispersed in it. Internal 
oxide phase was AljOg, which became continuous at 1093¾). 

W. L. Wheat fall, S. J. Dapkunas and J. Sydavar, Naval Ship Research and Developnent Center, Materials 
Department, Research and Development Report 8-868 (August 1971). 

Sanples of U 500, 114 738 and Mar-M 432 were oxidised in flowing oxygen for 2lCh at 1650°F (899¾) 
and 235h at 1750G>f (954¾). Hie extent of oxidation was measured in terms of oxide thickness, general 
penetration, and maximun depth of oxide penetration. Por U 500 the results were 

Surface oxide. General penetration. Maximun penetration 

(all mils) 

2l0h at 899°C 1.0 1.5 3.0 

235h at 954°C 1.1 2.2 3.1 

U-500 was the most deeply oxidised alloy at 899°C, but had the lowest depth of attack at 954°C. 
Hie oxide scale on U 500 at 899 C was twice as thick as that on IN 738 and Mar-M 432. Surface scales 
on U 500 were rough and uneven at both temperatures. 



I. I. Bessen and R. E. Fryxell, Gas Turbine Materials Genferent* Proceedings, Naval Air Systene Cormand, 
Washington (1972) 73. 

□escribes tests in which specimens were half-irmersed in (a) Na-SO. in air, (b) Na_SO. in argen, 
(c) Na.SO. plus carbon in argon, all at 1650 F (899°C) ; or altemativily’were coated by dipping at 1650°^ 
and thén exposed at 1400 or 1500 F (760 and 816°C). See Rene 80 for details. In the argon tests small 
anoints of Na^S were detected in the salt; with carbon also present as much as 1.8 mole % was observed. 

Data reliiting to this alloy will also be fomd in the following Figures 10.51, 10.53, 10.54, 
10.58, 10.83, 10.105, 10.122, 14.11, 52.14} 

and Tables: 
10.1, 10.V, lO-VUl, 10X1, lOXV, lOXVl, 10-Ä1, lOXXll, lOXXlll, 10-XXIV, lOXXX, 39-1. 



TAÜlt: 45-1 

,tKt. 

OJRHÜblüN wrni UlSTIUWnr; and CJ& HU1¿. M-Aü 'KttJ BV mmai.i. m Titjt u 
(UICK1AM) CT AL) --- 

FmI 
(Vr Table 2) 

Temp 
F 

Time 
Hr» TTT ITT 1W 

ToUI Corro»iun Mil» 

tÄTVw HOT TWT 

iflasL m_ 
1*00 

JML 

2000 

! MO 

2000 
- _ÎM? 

ItOO 

2000 

IlõõcT 
I ÎMS 

1000 

il» 

«00 

1000 

1ÕÕ 
»99 
«00 

«oc 

I ' M» I 
400 * 

_LL- 
« 5 
JJ 
XT 
T«' 
« i 
» s 
ï» 
2 4 
r» 
2 0 
I. • 

"TT 
ï. s 

JJ_ I» » 
il 
0« 

4 4 

2 I 

2 9 

- I» 

14.0 

»2 

2000 

IM» 

"TW 
ï?» 
J doo 
JW 

»00 
m 
4t» 

1000 

I585- 

TS- 

IM» 

«00 
TW 
_6ÕÕ 
1000 

145Õ 
J|9L 
I7S0 

1000 

1600 
JW 

TS 
3 2 

il 5 
ÍO 

l«.5 

"TT 
_SJ_ 

IM» 

ISOO 

1600 

2»00 

1000 

2000 

20.0 
1M_ 
3.1 
TT 
2 1 

TT 

2 » 

5 5 

4 9 

14 

13 0 

3.4 

IÖ 0 

S 0 
<r«x 

TT 

ï». Õ 

rr 
13.0 

1.0 

7.1 

tît 

s.» 
TT 

23.0 

12.0 

10 » 

3.« 

irr 

TTT 

JEE 

ÜJL 

4.5 

TT 
2.6 

2.1 
3.4 

JLX 

3.0 

23.0 

SI 

S.» 

6.7 

JT" 

». I 

3.6 

TT 

4.6 

TF 
6 0 

TT 

TTF 
irr 

9.0 

20.0 

TT 

4.0 

aAbii; 4^-n 

ÇMjHÜSia^ W1T|I RLSIDCAL »tw^lKI-.U HV SMMJ. ÜIWÆR TLS’I'b (BUUOAND K'i’ AL) 

noiï:! 

(1) Cr 28.51, Ni 10.2«,Fc.44i, C.494, Si.65»,»».12^, W 8.58%, Co Balance. 

Fuel 

7 

7 

7 

7 

7 

7 

7 

7 

Tonp. Time 
F Urs. 

1800 370 

1800 250 

1600 556 

1600 600 

1500 250 

1500 600 

1400 250 

1400 600 

310 446 

Ttital Corroe ion Mils 
Alloys 

X45 
w> S816 

2.1 
1.8 
0.19 
0.51 

0.24 

2.0 

0.49 

0.39 

0.23 

1.0 

2.4 2.4 

0.32 
0.34 

1.46 

1.6 

0.09 

1.11 

0.29 

0.33 

1.9 

0.49 

0.25 

0.17 

0.14 

5.3 

1.3 

1.19 

0.15 

0.41 

4.1 
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TABU: 15-XII 

OBbatVATIUNS UN PAW:' tAAMINH) ATOiR GAS TUHBIU SERVIO. iBUCKlAND LT AL) 

NOTES 

III BttrMl ttr rudro nolll* parliliun* ur r<aM "N". 
Ill llrtidMl «id Crudr Oil* nominally Irrjlrd m arrordanrr «Uh ASTM CammillOf D-I "Pr<*ua*d SftfilirMlon lor Gao Tur Mm 

rurlOiln' IMS. Eool No «-OT 
ill Tuno at CalroUlod Mnal Trmiioraiurr 
ill Attiiinrd in origM dala in lavor of parta on whirh rurroaion hialury could be ealabliiked »ilh mo« certainly. 

B Beal F Fair F Fiureal Relera lo relative pudlity <d mamlenancr <4 turbine and fuel, 
ill Small Burner teal temperalure prudocino the indicated .nrruaion « the Mated tune lor that particular alloy. 
(71 Ditlerenre between the Apparent and the Calculated Metal Temperaturen 
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TABLE 45-V 

NtriAL UJSS (arg) (SJ’tJiGlBR. LEE ANU YOLINU) 

Albt 
Amts 1/.)00 

101 OOOI6 
200 000)9 
240 000)) 
MO 000*2 

)007 
A 00029 
B OOQ29 

7)0(. 
A 000(6 
B 00020 

Turbine simulator 

(/-920 /...700 

0002 8 0002 7 
0004) 0004 2 
0009 8 000) 7 
0004 0 0 00) 4 

Corrosion monitor 

00076 
00091 00020 

000)6 0010 0 
OOO) 6 0-001 8 

*-45 /(1-71)( 

00020 OOOI 9 
00090 00046 
000)2 00040 
0004) 00040 

00019 00117 

0002 9 0005 2 
0001 9 00900 

TABLE 45-VI 

5ü Hül'R Tl'Rh]:.-}. EIMELATiR CORKOSIUfJ TEST RESULTS WITH 
VARE CS ADDITIVES (SPENÜLEn, LEE ALP YOUNG). 

Sum- 
( oiiiominuiii in hui [oxida- 0 5S 5 ppm Sa Zppnil' 

Hont 

None None Mg&Si Mg&Si Mg&Si Mg & AI 
Si Mg I Si Mg 2 Si, Mg 4 

LI-5(8) 27 
N5eighl Ions X-45 I 9 

mg m- L-710 
In 7|) ( | 2 

l«K 8 6 5-2 
120 10 6 6 1 
14 3 99 6 2 
721 12 7 81 

2 8 14 
8 8 60 
3 1 18 
6 9 21 

1 674 I 562 I 953 

2 032 2 033 2 090 

Hanl Soft Soft Soli 
*^27 21 mg cm- 30mg cm- 20m¡j'cm-’ 

mg cm- 

Sinienng temp. I 

Initial melt temp. I 

Dcposil 



tabu: 45-VIX 

CÜMPC3UND6 IDUfflKTKD By X-RAY DIFFRACTION IN DKPOSIT DJ THF 

TURBOE BWt: PATO AFTER 1 YKAR IN OPERATION ON UJW-VANAnnw nw. 

(HUSSKY CT AL) 

«Vo* 
m«2m|(,°4)2.*h2o 

n«so4 

N*20'V20*'SV2°5 

m«2o*v2o5 

V205 

(VO) 2S04-16^0 

V12026(2V20**V2°S) 

N10 

Sodlua aulfat* 

Sodlua aagn«sluB sulfata 

tetrahydrate 

Magnatlua aulfat* 

Sodlua vanadyl vanadata 

Sodlua aatavanadate 

Vanadlua pcntoxld* 

Vanadyl aulfat*- 

haaadacahydrata 

Vanadyl vanadata 

Nlckal oald* 

TABLE 45-VIXI 

CONSTITUIAS TUL DEPOSITS FORMED AFTER A ROUND YEAR'S 
OPERATION FOLLOWING OVERHAUL' 

MFi',0 
i 4 

J NiO‘V’^0^ 

Fe20} 

Ni(V03)2 

NiO 

V2°5 

V2U4 

(■'Ml -611.,0 

J ( oV.n, 
l » 

Nickel Iron oxide 

Nickel orthovanadate 

Iron oxide 

Nickel vanadate 

Nickel oxide 

Vanadium pentoxlde 

Vanadium tetroxide 

Sodium magnesium sulfate 
tetrahydrate 

Cobalt suif, te 

Cobalt orthovanadate 
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Figure 45.1. Subsurface inter¬ 

granular attack of U 500 tested at 
1750 F (954 C) (X250). (Bergman 
et al) . 

Figure 45.2. Total corros'on of 

alloy V 500 with natural gaa fuel 
as measured by the small burner 
test. (Buckland et al). 



! ij?uro 15.3. Ffloct of lull suMihur. 
.s«a salt in aii and gas l«TipcTatur<* 
or. r.«tal loss of I'dirct 300 tc*.**l 
♦-p« i jr.i-rs and Qulgg).

Tiguro 45.4. Photomicrograph of 
edge of te.st spC'Cimon showing 
surface roughened by severe oxidation 
(2?00 F, 10 ppm sea salt in air. 
0.0002 wf'.S in fuel) (Schirmer and 
Qulgg).
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Figure 45.11. Oxidation of Vdlmet 
500 turbine blade. (Qulgg and 
Schirmer). 

Figure 45.14. Electron probe trace 

for chromium in Udimet 500 alloy 

from sulphide particle into marks. 
(Seybolt). 

Figure 45.12. Udimet 500 after 
150 hours of corrosion testing. 
500X. (Viswanathan). 

Figure 45.15. Regular Udimet 500 

sample after oxidation for 3 days 
at 1000 C in air. Magnification 
460X. (Seybolt). 

Figure 45.13. Udimet 500 nlckol- 

base alloy subjected to hot corroalon 

atmosphere 616 hr, 1600oF. 

Magnification 680X. (Seybolt). 

Figure 45.16. Udimet 500 with only 
7t Cr after oxidation for 3 days 

at 1000°C In air. Magnification 
460X. (Seybolt). 
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Figure 4S.17. Cast l'dlmet 500, 
tested for 1000 hr In hot corrosion 

rig at 1750°F. Magnification 2£0X. 
(Seybolt). 

Figure 45.18. Cast Udlaet 500 * 

0.5 Ce tested for 1000 hr in hot 

corrosion rig at 1750 F. 
Magnification 240X. (Seybolt). 
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figure -15.19 Accelerated surface 
oxidation of Udimet 500 specimen 
after 143 hours. (Qulgg and 
Schirmer). 

U-500 

tfM'wm 

Figure 45.20. Resulta of the ASTM 
Round Robin test for U-500. 
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Figure 45.21. Potential-tiBe 
curvea of Alloy B (AMS 5384) at 

1640 F ln Bolten salts under air. 
(Wheatfall et al). 

.l'W 

(a) Oxidised In air for 250 hr at 

1650 F. 

(b) Preoxidized 2 hr and iaaersed 

in NagSOg for 328 hr at 1650 F 

under air (Experiaent 9, 
Table 10-XX). 

(c) Preoxidized 2 hr and inneraed 

in Na2S0^ for 238 hr under argon 

(Experiaent 11, Table 10-) ). 

Micrograph of Figurt 45.22. 

Alloy B (AMS 5374) (X2100) 
(Whea’fall et al). 

Figure 45.23. Maxlaun oxide 

penetration in Alloy B (AMS 5384) 

in air and aolten 883604 at 1650F 

under air and argon aa indicated. 
(Wheatfall et al). 
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400 

(a) Preoxldlzed 5 Bin and 
imBerscd in NagSO^S »eight J NaCl 
for 160 hr 16S0 F under air 
(Experiment 12, Table 10-XX). 

(b) Preoxldlzed 2 hr and immersed 
in Na2S04-5 »eight % NaCl for 

245 hr at 1650 F under air 

(Experiment 13, Table 10-XX). 

Figure 45.24. Micrograph of 
Alloy B (AMS 5384) (X2100). 
(Wheatfall et al). 

T m# Hoyr# 

Figure 45.25. Weight loss of 

Nl-19 Cr-3 A1 alloy after exposure 
to 1250, 1350, and 1450 F. 
(Wall and Michael). 

▲ i 
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Figure 45.26. Composition profile 
of Nl-19 Cr-3 A1 alloy exposed 
200 hr at 1450 F. (Wall and 
Michael). 

Figure 45.27. Hot corrosion of 
Udimet 500. (Qulgg and Schirmer). 

Figure 45.28. Effect of specimen 
cooling ((1-500). (Lee and Young). 
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Figur« 45.29. Weight change of U-500 
and X-4B alloya oxidation tented at 
ISOOr In the cyclic furnace. 
(Lee et al) . 

Figure 45.30. Effect of gaa atroan 

velocity on oxidation rate of X-45 
and U-500 teeted at 1900°F for 

ISO hr. (Loe et al). 
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Figure 4S.31. Oxidation rate of 
X-49 and U-500 teatad In the 

preeaurlaed paaaage of 1600°F 

gas teaperature and 3 ata preaaure. 
(Lee et al). 

Figura 45.33. Effect of gaa teap¬ 

erature on hot corroaion character- 

latlca of X-4S and U-SOO apeclaena 

tented for SO hr at 3 ata preaaure. 
(Lee et al). 

VMM urn in Furl. PPM 

Figure 45.33. Effect of vanadlua 

(with no aodlua) on varloua alloya 
tented In the prennurlsed paaaage 

at 1500 F natal teaperature and 

3 ata preaaure for 150 hr. 
(Lee at al). 
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Figure 45.34. Corrosion rates of 

X-45 and U-500 tested in the passage 
•1th 2 gpm vanadiua and no sodlua 
at 1300 F and 3 ata pressure. 
(Lee et al). 

Figure 45.35. Effect of sodlua 

(with 2 ppa vanadiua) on various 

alloys tested In the preasurlsed 

passage at 1500 F netal teaperature 

and 3 ata pressure for ISO hr. 
(Lee et al). 
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Figure 45.36. Effect of gaa and 

metal teaperature on hot corrosion 
characteristics for cooled and 

Isotheraal U-500 speclaena tested 

for SO hr at 3 ata pressure. 
(Lee et el). 

Figure 45.38. Turbine simulator 

and dipstick test data with fuel 

containing 2 ppa V and 0.8 ppa Na 
at 1370 F (Lee et al). 

Figure 48.37. Corrosion rate 
of several alloys when burning 

3-GT fuel coapared to noraal 
oxidation (Lee et al). 
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Figure 45.39. Weight change curves 
from spinning rig test No. 1. 
(Spengler et al). 

Figure 45.40. Weight change curves 

from turbine simulator test No. 1. 
(Spengler et al). 
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Figure 45.41. Penetration leter- 
clned netallographlrally at 
different sect Iona of I'SOO spec- 
laents: A la near the tip and D 
near the root. (Spengler et al).

Figure 45.42. Section B, leading 
edge. Spinning rig at ISSO^F, 
lf-07 h (X120) . (Spengler et al) .



Leading Edge

% •

Trailing Edge

rt(ure 45.43. Section B. Turbine 
sieuletor at ie50°F. IBS h (X120). 
(Spengler et el).

■i
I

Fl(ure 45.44. Long-tera average 
penetration ratea. Variation by 
troaa-aectlon. (Spengler et al).
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Figure 4S.4S. Flret-stage I'dlaet 
500 atetor, lMS-66. (Huiiey at al)

Figure 45.46. First-stage Udlaet 
500 stator pressure side, 1966-67.



Udimet 520 

R. Viswanathan, Corrosion 24 (1968) 359. 

See 713C for details. Ü-520 was one of the better allows, very similar to U-500. Hastelloy X and 
Waspalcy. After 150h at 1500 F (816 C) it had lost 2.9 mg/cm (after descaling). 96.0% of the ne tal 
was unaffected. Figure 46.1 shews the essentially rnifonn attack on the alloy. 

^ ^ 016 additicn of 0.1 - 0.3% La and Y. With 0.2% La, the scale after 15Ch 
c ^ FJu16 2.“?tained (Cr'Ti>203' 0oCr2°4' and ^2¾1 affected alley contained CrS, TiSx and LaSx. No other details are given. 1 x' 

tv,« ^.effeCt °f 1001 3uf?hui triQXide levels in the gas stream was tested: 6 ppm and 150 ppm. 
7lS“^d1nro 7œ ^8Üt.Í!íÍLi?- 5)2:9° 30(1 2.-? respectively. Sene alleys were very sensitive to the amount of So^. 

Hu?sel’,„S" Y* 186 30(1 w- E< Young- paper presented to the ASTM Annual Meeting, Synposiun on Gas 
Turbine Fue* Requirements, Handling and Quality control, Jvne 1972. 

See U-500 for extended sumary. 
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Figure 46.1. tdlaet 520 after 
150 hour! of corrosion testing. 
500X (Vlsssnsthan).
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UdilWt 700 

Special ftSííícai Publioãúonf sn»'*«?1!»?' »? pet*>la"» AMOciated with Gas Turbines; Asm 

«i. r1“81- - ».a 
is surprising, since the alloy has served rrnef^LTf^i ? P001, authors note that this 
subject to severe hoe^r^e^r ^s^t^tt^ í^i 713 has been 
(13.6 versus naninal 15»), Also, U-7oo shows a tiof U"700 was lcw 111 chromium 
So test may be misleading in ¿his respect ^versal“ at 1600°F (871°C) where behaviour is acceptable. 

^aÂ^DÆtS,^-4Âri§m36i0n ProblOT With Gas Turbines, ASTM 

1. U.S 2 

k¿¿£Tr ^ Wright- 

resistanoe to attadk^ (theBothera aœ^ 728¾16and TOUtoO)* "relatively good 
120 and 360h in JP-4 with 4 ppm salt are 1625'and 1750°^ iînh^!^ tenPeratures after 
871 and 953¾. The oorroeioTproductTon tra^Tri ^i ^ ¾ 300 1750 F 10 360h (885 ®d 953, 
spacing 8.32 X , after 12Ch, thTsa^a^d SfsS S^dS are Ni0 + with 
sulphidation corrosion in 120h test. Microprcbe analvsi^f^vÍ^íffnfranian 3163 ^ undergene 
0.9» Cr, 3.6» Mo, 2.3» Al, 0.12» Ti 19 oTS^Fí^ÍTÍ? ?f ^ layer in the alloy» 76.2% Ni, 
tenperature for ^700, J^4 fuel, 8 wm‘2l?' ò ^ as a fmcUm of 
8 ppn salt. Figure 47.4- JP- 4RfST 4L, IÏTT l/2 ' ^ ¡ 4* 4ppn salt* Figure 47.3 - JP-4, 
corrosion as a fvucticn of tenperature for iMoo fue1' 8 ^ salt' Figure 47.6 - 

3“- «•’ . ijo-240 ^ 

R. Viswanathan, Corrosion 24 (1968) 359. 

“l’ 1"® Mf »«A «. bad. ma 
existence of an incubation period). After the 150h test fnme1¿rfVh!í ^ ?75 m9/an (thit su^ests the 
corrosion. The attack was Sexy iLgulï: sL rSiS sh^ ÏÏtÏÏÏ Wff «affected by the 
penetrated. Figure 47.8 shcwsttecras-seetir^^fT^rXÎ?^1 littl^ attack, others were oonpletely 
is preferential oxidation along grey sulphides. P60“1«1 corroded for 150h, it appears that there 

The alley war modified by the addiUcn of 0.1 - 0.3» La or Y. 

Figure 47.9 shows the attack in a 200h test at ivr>°F « . _ , 
more effective than Y, the optimum level seans to be o 2* in hr*v,fUnCti°n 631131 content» La seems 

ssî1StSis,T&Â'to shiï ““iH'n*** “ 
the scale: (Cr, Ti, Mo) S , 
distribution of the phased. 

In 15Chatei50^FOL,wei^hteÍMLs'werer3t40O^de27fV^/ ^ ^ ^as stream was tested, 6 ppm and 150 ppm. 
the sulphur trioxide stabilises the sulphate oSin^of^tte s^iSÍ'®17' ^ aUth°r “"a1*8“ ^t 

^ labora- 

See 713C. 

tí stetflCT1> Final teport en NASC Contract No. 
Report FDR 1626-5) Deoember 1970. N00019-68-00532 (Solar Research Division 

F (899¾) “Sta Â^risLí! bÏTfaiïti^^^^ after llCh at 1650° 
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At ISSO0!-’ two specimais were tested, witii cumulative weight change as shown s Table 47-1. 

Table 47-1 Cumulative weight changes in Hot Corrosion Tests and U 700 (»»re and Stetson) 

Exposure time, hrs. 10 20 30 40 50 60 70 80 90 100 110 

Cumulative weight Spec. 1. +7.4 +10.6 +11.0 +20.4 -19.4 +19.7 +19.8 +22.1 +20.0 +12.9 +10.6 

change, mg. Spec. 2. +8.1 +8.9 +9.5 +23.7 +19.5 +20.7 +20.9 +22.5 +21.4 +23.2 +3.2 

Spec. 1. +15.2 +14.4 +20.8 +20.4 +20.7 +25.1 +19.0 +18.9 +24.4 +25.2 +25.0 

Spec. 2. +5.3 +21.8 +42.4 +43.2 +24.4 +21.9 +17.6 +17.6 +17.4 +12.0 +35.7 

Tine, h. 10 20 30 40 50 70 80 100 120 140 150 

II. T. Quigg and R. M. Schirmer, Progress Report No.3 on NASC Contract No. N00019-68-C-0252 (Phillips 
Petroleum Ocrpany Research and Development Report 5423-60) July 1969. 

Soe 713C for details. This report is primarily oonoemed with testing the ASTM "Round Rcbin" 
group of alloys in the Phillips Turbine Ihvircrental Simulator using a cyclic test in which the specimen 
is heatgd to 1£00, 1800 or 2000 F (871, 982 or 1093°C) maximum temperature for 8 min following a cooling 
to 1000 l (538 C) for 2 min, producing an attack approximately six tijTes more severe than the isothermal 
routine used in their earlier tests. After 44h at 2000°F maximum, the weight loss was 164 mg/an , the 
surface loss was 20 mils and the maximim attach was 21 mils: a little worse than Mar-M 421 but a great 
deal better than 713C, It was estimated that it would take 35h to lose 127 mg/anat 2000°F. 

AS1K Round Robin Ttest organised by the Hot Corrosion Task Force of the Gas Turbine Panel, 1970. 

See 713C for details. U-7QU was one of two alloys of intermediate oorrosicn resistance, being 
rather -worse than the other, Mar-M 421, but significantly better than 713C. Figure 47,13 shows the retal 
loss data reported by the participants. 

H. T. Ouigg, R. M. Schirmer and L. Bagnetto, Final Report to NASC on Ccntract No. N00019-69-C-0221 
(Phillips Petroleum Corpany Ftesearch and Development Report 5732-70) July 1970. 

See 713C for details. 

M. .1. Hnniir'htft .Tv d a n », r» ,, '• " ~ ' F. Bradley, Hot Corrosion Problems 
421, 1967, 85. 

Figure 47.14 shows a first stage U 700 turbine blade fron a marine engine after IlOQh, showing 
severe hot oorrosicn of the airfoil surface. ^ 

slight distress due to hot oorrosicn of 713 has occured while 1) 700 operated under the sate conditions 
K f w-#-» C Mw—. U—-- I   a 1 - * AM 

The authors carrent that in aircraft engines operated in areas where sporadic salt ingestion occurs 
niQfrOCC Ml IT» + *71 O U__J . J J 1 .. . 3 

has been free fror, hot oorrosicn attack. 

See 713C for details, 
the same as U 710. 

Un coated U 700 seems intermediate between 713C and D4 738, which is about 



K. Page and R. J. Taylor, in "Deposition and Corrosion in Gas Turbines" A. B. Hart and A.J.B. Cutler 
(eds.), (Applied Sderoe Publishers, London, 1973) 350. 

413 

See Ninonic 105 for details. 

W.L. Wheatfall, in "High Terperature Corrosion of terospaœ Alloys" J. Stringer, R. I. Jaffee and T. F. 
Keams (eds.), AGAFE Conferenœ Proceedings No. 120, (March 1973) 235. 

See 713C for details. 

S. T. Wlodek, Trans. AIME, 230 (1964) 1078. 

See also Rene 41. Specimen were tested in dry air with surfaces abraded through 600 grit, electro- 
polished and lightly etched. Figure 47.18 shews the weight gains as a fisiction of tine for terperatures 
in the range 1600 - 2000 F (871 - 1093°C) » the initial stages can be reasonably fitted by a linear rate 
1», the later stages by a parabolic rate law, althouÿi at 1900°F the rate of reaction slows down more 
rapidly than t^iis; the shape of the rate curve at 1900°F was rep reduced three tines. Figure 47.19 shows 
the initial linear reaction rate, and Figure 47.20 shows a parabolic plot of later stages» there is sane 
indication of a rate transition fron a fast parabolic rate to a slower one. The various rate constants 
are presented in Table 47.1, The reaction products were Identified by X-ray diffraction and 
(see Rene 41). 

Figure 47.21 sunarises the conditions required to produce 1.0 or 2.0 mis of damage, either by alloy 
depletion (AD) or by internal oxidation (10) Figure 47.22 (a) shows a sanple oxidised lOGh at 1800°F: 
there has been internal oxidation, but at 1900°F, the internal oxidation is absent (47.22b). 

The phases produced during internal oxidation were determined by electron diffraction from extrac¬ 
tion replicas. Figure 47.23 presents the results schematically for 0-700. Table 47.11 shows the sur¬ 
face oxides identified on Ü 700 after 100h at 1800T- (982 C) Figure 47.24 shows the effect of surface 
preparation on the oxidation - the trend seems to be the reverse of that for Rene 41. 

Figure 47.25 presents a summary of the principal stages of oxidation of U-700. the "passivation" 
at 1900T- is attributed to the formation of an Al-O. scale, reducing the oxygen activity at the natal 
surface to the point at which internal oxidation cannot take place. 

Data relating to this alloy will also be fomd in the following figures t 

1.1, 1.7, 1.8, 10.13, 10.51, 10.53, 10.58, 10.62, 10.65, 10.66, 10.67, 10.68, 10.84, 10.105, 10.106, 
10.119, 10.123, 10.124, 32.17, 32.18, 32.19, 32.20» 

and Tables : 

i-i, i-ii, i-rv, i-v, i-vi, i-vii, i-vin, i-ix, i-x, lo-xi, lo-xm, lo-xv, io-xvi, io-xvm, 
10-X1X. 10-XXV, 10-XXV1, 10-XXX, 18-1V. 
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TABLE 47-X 

SUWAHY OF UDIMST 700 RATC CONSTAt/TS (WLQQEK) 

Condition l>|)iTdlin(( Hdle {'nnstants dnd Tiiw uf »uiatiun 

Itilltl 

IhlW 
i:«i 
imm 
ikmi 
l'JOO 

I>I0U 
.’«Kl 
.'OUI 

s A I.1»: 
**r,l 1.7*? 

S A A / J 1.4(i 

S A Ki i l.QS 

Alied A, i I S7 

SA A/, J.1K 

SA. A,, 7.12 

SA An 1.70 

Ant'd A / i 1.44 

1» ' (' 10). A/ „ S.00 10 * 1200 / 

10’U 7S). A / h S.lh 10*1200 i 

10 ’ (ion r 10t. Act l is • 10 ’ (200 

10 ; (( 10), Act 1.12 ■ 10 ' MOO f 

ni ' (/ 10), Act 1.2S ■ io ' ison i 

10 ‘ (< 101. Act 1.07 10 ' (ISO t 

10 ‘ (I 10), Ad S.M 10 ,200 I 

10 * (I 10), Act l.hS ■ 10 ‘ tt 10) 

10 ' (I S), Act s.OS ■ 10 1 II S) 

10). A d 1.80 • 10 * (f 200) 

2S). Ac, S.25 • 10 ’ (I 200) 

I 100). A cil 7.50 ■ 10 *(( 200) 

10). Acn 1.28 - 10 ' </ 100) 

10), Acu 7.87 • 10'() 500) 

10). Ac„ 1.17 • 10 ’ (/ 150) 

10). A en 1.12 • 10 ’ (I 200) 

^ P**1 1 m P«*t ^»1°. ^ f 
«»JH* rut IV«*. 

sq mi( pe. i n»* pe. sq m,n V.lurs m p„,rnthrs,s md„ „f nm, ,n m,nut»s durtn« which e«h r.t. coh.l.hl ,« 

TABLE 47-11 

X-RAY DIFFRACTION ON SURFACE OXIDES FORMED ON UTUMLT 700 AFTER 100 Hr/1800QF 
(WLUPEK) 

Electrcpolishod before Exposure Grit-Blasted before Exposure 

I I 

NiCr,o., 
CuBiî 

a_= 8.298 

4.80 
3.65 
3.27 
2.93 

2.67 
2.51 
2.48 
2.33 
2.19 
1.07 
1.81 
1.69 
1.67 
1.60 
1.465 
1.310 
1.269 
1.250 
1.200 

vw 
vw 
vw 
M 

W 

s 
vw 
vw 
vw 
M 
VW 

vw 
vw 
M 

M 
VW 

vw 
vw 
vw 

(111) 

(220) 

(012) 

(110) 

(311) 
(104) 

(110) 

(400) 

(422) 

(511),(333) 
(440) 
(620) 
(533) 

(444) 

(024) 

(116) 

(220) 

(101) 

(220) 

(111) 

(211) 

4.10* 
4.53* 
3.30 
2.95 
2.51* 
2.40* 
2.33 
2.07 
1.75* 
1.71 
1.70 * 
1.65 
1.60 
1.47* 
1.38 
1.265, 
1.100 
1.080* 
1.060* 
1.040 

VW 
VW 
W 
M 
S 
VW 
VW 
M 
VW 
vw 
vw 
w 
M 
M 
W 
W 
VW 
vw 
vw 
vw 

(111) 

(220) 

(311) 

(400) 

(422) 

(511),(353) 
(440) 

(533) 

(731),(553) 

•Unidentified. Most if not all of these weak reflections could be associated with traces of 
TiOj, TiO, and NiO. 

D » S film patterns on surface oxides scrapped from specimens. Filtered Cu radiation. 
All sarpies Heat B fully aged. 
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Figur« 47.1. Corrosion •• ■ 
function of t«nper«ture for U700 

teated ualng JP-4 fuel with a Salt/ 

air ratio of 8 ppn. (Walters). 

Figure 47.2. Corroalon aa a function 
of teaperature for U700 tested using 

JP-4 fuel with a Salt/Air Ratio of 

4 ppa. (Walters). 

Figure 47.2. Corrosion as a function 

of tenporaturo for 0700 using a 
JP-4R fuel with a Salt/Air Ratio 

of • ppn. (Valters). 
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Figure 47.4. Corrosion as a function 

of temperature for U700 using 

JP-4R fuel with a Salt/Air Ratio 

of 4 ppm. (Walters). 
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Figure 47.5. Corrosion as a function 

of temperature for U700 tested 

using JP-5 fuel (0.16%S) with a 

Salt/Air Ratio of 8 ppm. (Walters). 
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Figure 47.7. Oxidised surface of 
I'TOO after 3«0h testing at 1700°F. 
(Salters)

Figure 47.8. I'dlaet 700 after 
150 hours of testing at 1500 F. 
142X (Vlssanathan)

Figure 47.9. Weight loss va t rare 
earth addition for saaples tested 
at 1500 F for 200 hours. 
(Vlssanathan).
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FiKurc 47.10 I'dlret 700 ♦ 0.2 La 
corroded at 1500 F for 200 hours. 
500X. (\isaanathan).

m

Ni. Co. Cr. Mo 
NijlTi. All 
lam,. MCiM„C^

Ni. Ca Mo

ICr. Ti. Mol S

TiS,.

Al,0,

d-Cr^O,

1]
[E
& 11

»»a?^Qa
M,SO

FiRurr 47.11. Idlaiet 700 a 0.2 La 
at 1500 for 150 hours. The 
acheaatic represents corrosion 
layers. (Vlswanathan).
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f i*urc 47.12. Klcr-.structurt of 
uncuati'd 1-700 alloy aMir hot 
lorroMon to.sts at lP50"l (or 
110 hours (Voorp and Stetson).

Figure 47.13. Results of the ASTM 
Round Robin test for I' 700.



4:i)

Figure 47.14. First stage I 700 
turbine blade fron Barine engine 
after approximately 1100 m showing 
severe sulphidation corrosion of 
airfoil surface. (Donachie et al).

Figure 47.16. Logarithalc weight- 
gam plot for Ldinet 700 indicating 
initial linear and subsequent 
parabolic behaviour and a comp 
cessation of weight gain 
after 1000 min. (Modek) .

a complete 
at 1900°F
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Figure 17.19. Linear plot of 
weight gain during Initial oxidation 
of I’dlnet 700. (Wlode. ) .

Figure 47.20. Parabolic oxidation 
klnetlca for Udlaet 700 reflect 
tne Inatablllty of behaviour at 
1900 F. (Wlodek).
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Figure -17.21. ls<>reai 11 vity plots for 
constant anount of Kubscalc danagc 
in Idimet 700. Nott* complete 
reversal of behaviour at 1900 F 
and absence of internal oxidation at 
this temperature. (Modek) .

AL*O,.i000l

(MoNi)N. IKK)

T.N. [ill]

Figure 47.23. Identification of 
subscale reaction products by 
electron-diffraction and extraction- 
replica techniques on a specleen 
oxidized 400 hr at 1700°F. Photo­

micrograph on tapered section (X3), 
X250. Reduced approxlnately 42' 
for reproduction (Slodek).
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Figure 47.22. Subacale reactions In 
Idlnet 700. (a) Oxidized 100 hr at 
1800°F. note extensive Internal 
oxidation. X2&0. Taper X3.
(b) Oxidized 100 hr at IROO^F, note 
conplete absence of Internal oxid­

ation, saiall asiount of alloy 
depletion next to oxlde/netal Inter­

face, and coarse, degenerate >' next 
to alloy-depleted zone. X250.

Taper X3. Enlarged approxlnately 
527 for reproduction. (hlodek).

ZOO lOO MB' B'O”'

Figure 47.24. Subscale reactions In 
Idiert 700 can be conpietely 
eliminated by extensive surface sork- 
ing prior to ex|osure for 100 hr at 
1800°F Data for two heats (F and 
F) in the solution-annealed or aged 
condition, (klodek).
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Figure 47.25. Sinpllfled summary of 

the four main phenomenologicai stages 
of oxidation encountered by Udlmet 

700. Subscale and scale reaction 

producta expressed as numerator and 

denominator of a quotient which 
Identifies the reaction species In 

each region. Note absence of internal 

oxidation In Regions 1 and 4. Scal¬ 
ing kinetics linear in Region 1, 

parabolic In others except 4, where 

weight gain reaches a constant value 
In some 1000 min. (Wlodek). 
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Udimet 710 

V. S. Moore and A. H. Stetson, Final Heport an tJASC Contract No. Nat)19-68-0-0532 (Solar tesearch 
Division Report RDR 1626-5). Deoenter 1970. 

Q -’Oo 1^1900 for details, figure 48.1 síkvs the microstructure of a U-710 specimen after 16(1'. at 
1650 F (899 C). U-710 was tlie most corrosion resistant of the alloys tested, better than U-700. 
Table 48.1 presents cumulative weight loss data for the alloys. 

H. T. Quiyg, K. M. Sclurmer tind L. liagnetto, Final Report to NASO on Contract No. N00019-60-C-0221 
(Phillips Petroleun Ccnpany Hesoarcli and Uevelopröit Report 5903-71) Jan. 1971. 

See 713C for details. Figure 48.2 shews a U-710 specimen exposed for 60h to a 2000F (1093°C) 
cyclic test with 1 ppm salt and 0.04 wt <S in tlie fuel .Figure 48.3 shows a similar specimen tested with 
0.0004 'Wt 4S in the fuel. 

H. T. Quiyg, R. M. Schirner and L. Baynetto, Final h.'ix rt to Naval Air Systeire Conrand on Contract 

N00019-70-C-0293 (Ihillips Petroleum Conpany Research and Development Report 5903-71) Jan. 1971. 

for details. Uncoated U-710 is ocnparable with IN 738, and in most situations rather 
better. 

C. J. Spengler, S. Y. tee and W. E. Young, in "Deposition and Corrosion in Gas Turbines" A. B. Hart 
and A. J. B. Cutler (eds.) (Applied Science Putlisheis, borden, 1973) 294. 

See l1-500 for details. 

L. M. Maas and C. L. Miller, ASME Paper No. 72-GT-77, presented to tlie Gas Turbine and Fluids fhgineerinq 
Conference and Products Show, Mardi. 1972. 

See 713C for details. 

Data relating to this alloy will also be found in the following figures : 

10-51, 10-84, 10-123, 10-124, 45-33, 45-35, 45-37, 45-39; 

and Tables : 

1-X, 10-XXV, 10-XXV1. 
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tabu: 48-1 

WEiarr aiANGK during iktt-cxírícsion tests 

1650°F MAX1MJM TKST TEMPKRATUFE (MDPflE AND STETSON) 

35 ppn SEA SALT 

U-710 ALLOY 

WKiafT QiANGE DURING HOT-CORROSION TESTS 

18œ0F MAXIMUM TEST TEMPERATURE 

35 ppm SEA SALT 

U-710 ALtiOV 

Kxpusure 

Time 

(Huurs) 

_ Cumulative Weigh! Change (mg) 

_ Specimen Number 1 
D4 D5 DA 3 DA4 DG4 DG5 DJ4 DJ5 

20 

30 

40 

r,o 
HO 
90 

100 

120 

150 

+ 11.4 

♦ 14.3 

+ 11.9 

+ 12.2 

♦ 13.4 

♦ 9.9 
♦ 5.2 

♦ 7.2 

+ 10.4 

+ 16.6 

+ 19.4 

” 
+ 25.0 

*13.7 
♦ 8.9 

+ 5.8 
- 

+ 9.7 

+ 12.6 

+ 16.3 
+ 19.8 

♦ 5.5 

♦ 8.1 

+ 11.1 

+ 13.8 

♦16.4 

+ 8.4 

+ 13.2 

+ 13.9 

+ 18.9 

+ 21.2 

+ 6.8 

+ 12.2 

♦ 12.9 

+ 16.7 

♦19.6 

+ 12.2 

+ 12.4 

+ 20.0 

♦20.4 

♦ 23.3 

♦16.2 

+ 15.0 

♦22.2 

♦ 22.3 

+ 25.3 
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Figure 48.3. Hot corrosion of 
L'dlmet 710 after 60 hrs. with low- 
sulpbur fuel (Quigg et al).



Uniterp 1753 

4:n 

R. Viswanathan, Corrosion 24 (19b8) 359. 

See 713C for details, thitaip 1753 was one of the best alloys tested. After 150K testing at 
15U0°F (816°C) the specimen had lost 2.6 mq/aii . 98.5% of the alloy was unaffected. CMR-235, Ra 333 
.md PDRL 163 were oofipar.ihle. 



Waspaloy 

M. J. Donadiie, R. A. Sprague, R. N. Russell, K. G. Boll and E. F. Bradley, Hot Corrosion Problems 
Associated with Gas Turbines, ASTM Special Technical Publication, SIP 421, 1967, 85. 

See 713C for details. Waspaloy seems very resistant - m3Q2 is better, AMS 5382 (X40?) is 
conparable. However, 713 doesn't look bad either in these tests. 

L. D. Graham, J. D. Gadd and R. J. Qiigg, Hot Corrosion Problems Associated with Gas Turbines, 
ASTM Special Technical Publication, SIP 421, 1967, 105. 

See 713C for details. Ranking shows Waspaloy very resistant alloy - best of those tested, 
with negligfcle attack at 1800F. 

R. Viswanathan, Oorrosion 24 (1968) 359. 

See 713C for details. Waspaloy was one of the better alloys tested, closely comparable to 
U-500. After 150h test at 1500 F (816 C) the specimen had lost 2.5 mg/cni (after descaling); 
96.4% of the alloy was ixiaffected. 

P. E. Hamilton, K. H. Ryan, and E. S. Nicholls, Hot Oorrosion Problems Associated with Gas Turbines, 
ASTM Special Technical Publication STP 421, 1967, 188. 

See 713C for details. The authors remark that they have observed isolated cases of hot- 
corrosion of Waspaloy after long time service at temperatures which should have been fas low 
1400 F (760°C). 

Additional data relating to the alloy will be found in Figure 10.68 and in Tables 

lomil and 10-X1X. 
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WI 52 

H. T. Quigg and K. M. Schinrer (Phillips Petroleum Caipany, Hesearch Division) Progress Report No. 4 

Naval Air Systems Ccrtrund Contract Í4) 65-03lod (August 1966) Ptüllips Petroleum Caipany Report 
4411-66R. w r~ 

See 713C for details. 

R. M. Schirmer and H. T. Uuigg, Progress Report on NASC Contract NO 65-0310-d. Phillips Petroleun 
Caipany Research Division Report 437066R (June 1966). w 

See 713C for details. Figure 51.1 shews the effect of sulphur, sea salt and tenperature on 

the nptal loss of Wl-52. Wl-52 was relatively poor, oaisiderably worse than IN-100 and oily slightly 
better than SM-200. Hie neasured sulphide penetratigp and the penetration calculated fron the weight 
loss v«ne ccnpored. Pur Wl-52 tested at 2000 F (1093 C) witli 0.040 wt % S in the fuel and 10.0 ppm 
salt in the air the figures were 15.ÿ and 3.0 nuis in the Sh test, respectively. Increasing the 
tenperature fnjnlSUO to 2000 to 2200 F significantly increased the weight loss of Wl-52. 

Decreasing sea salt fron 10 put to 1.0 ppm decreased netal los*= at 1400 and 1600 F at 0.0002 and 
0.040 wt * S. Decreasing salt for 1.0 to 0 ppm decrease*! metal loss at 0.0002 wt % S. At higher 

tenperatures decreasing the sea salt decreased the metal loss. Decreasing the sulphur fron 0.40 
to 0.040 wt « S decreased metal loss at 1400 and 1600°’’ ,t 0 and 1.0 ppm sea salt, no effect at 

lo ppm.. Decreasing sulphur frem 0.04 to 0.0002 wt 5 ..creased metal loss at 1.0 ppm salt, no effect 
at other salt concentrations. No effect of sulph a at higher temperatures. 

Figure 51.2 shows oxidation after 5h at 2200°F (1204°C), no sea salt, 0.0002 wt * S. Figure 51.3 
shews sulphidation after 5Ji at 1400 F (760 C), no sea salt, 0.40 wt » S. Figure 51.4 shows hot 

corrosion after £h at l£üû F (871 C), loppm. sea salt, 0.0002 wt % S. Figure 51.5 shews hot corrosion 
after 5h at 18(.11 F (982 C), 10 ppm sea salt, 0.0002 wt S. Figure 51.6 shows hot corrosion after 
5h at 2200 F (1204 C), 10 ppm sea salt, 0.0002 wt 4 S. 

J. R. Johnston and R. L. Ashbrook, NAS/» Technical Note 171-05376 (August 1969). 

See B 1900 £or details and for a list of the general tables and figures« The weight losses in 

5Qh tests at 2000 F (109J C) in the high gas-velocity cyclic tests (381 mj/ari ) and in a static 

oxidation test (18 mg/an are oerparedj Wl-52 was the worst of the seven alloys tested in this section, 
and the most affected by the high velocity, cyclic conditions. The oxides detected by X-ray diffraction 

after high gas-velocity cyclic tests are listed: at 1800°F (982 C), 100h: CrhJ,, monoxide (CoO), spinel, 
and 0*0.; 1900 F (1038 C), louh: Cr^O , CoO, spinel with a = 8.30 A, and Co WO,; 2000ÖF (10930C): 2oh, 
Cr,0,, CÍO, a spinel with a = 8.05 A, a spinel with a = 8.35 R , and CdWO ; 60h, Cr,Ov CoO, 

a spinel with a = 8.10 A , a spinel with a = 8.35 A , and CoWJ, ; looh, Cr.,0,, CoO, spihel and 
CnWD.. ° ° 4 2 3 r 

'me average weight loss of Wl-52 in 100h tests at 1093°C was 23,700 mg - by far the 'worst of the 
alloys tested. 

V. S. Moore and A. R. Stetson, Final Report on NASC Contract No. N00019-68-C-0532 (Solar Research 
Division Report RDR 1626-5) December 1970. 

See B 1900 for details, me cimulative -weight gains are listed at 1800°F (962°C) after loh the 
weight change of two specimens was -305 and -324 mg: after 17h it was -484 and -511 mg. At 2000°F 
(1093 C) after loh the 'weight change was -1251 ana -1434 mg. 

A. R. Cox and R. J. Hecht (Pratt and Whitney Aircraft, Florida Research and Development Center) 

Tedinical Report to the Air Force Materials Laboratory, Wright-Patterson AFB, AFML-TR-70-273. 
(December 1970). 

me report is principally concerned with the evaluation of two experimental TO Cobalt-base 

alloys (Co-20 Ni-18 Cr-2 mo and Co-20 Ni-30 Cr-2 mo ) but other ccbalt-base alloys were included 
for cxrparison. The tests used were: ¿ 

(1) 2000" and 2200°F (1093 and 1204°C) isothenral oxidation-erosion tests; 

(2) 2100°F (1149°C) cyclic hot oorrosion, and 

(3) Accelerated cyclic hot oerrosion. 

me dynamic isotliermal oxidation/erosion test apparatus consisted of a flame tube, burning 
JP-5 fuel, providing a gas velocity of 400 - 700 ft/soc. me sanples were rotated at 1750 rpm in 

this gas stream. Sanple inspection and weight diange recording were performed at regular intervals, 
me results for all the alloys tested at 2200°F (1204 C) are shown in Figure 51.7, frem which it is 
apparent that Wl-52 weis much the worst of the ccrmercial alloys tested (the others were Mar-M 302 

and Mar-M 509). me microstructure of the specimens is shown in Figure 51.8 after 225h at 2200°F. 

me cyclic hot corrosion test consisted of 10 min at 1050°F (565°C) with 0.02 ppm synthetic 
sea salt in the oorbusjed fuel, followed by a ten-minute heating cycle with 0.2 ppm salt, the maximm 

tenperature being 2100 F (1149 C). This temperature was attained in about 1 min of the heating cycle. 

Three repetitions (at a total time of Ih) constituted one cycle, me apparatus was tfie same as that 
for the dynami c oxidation test, except that a salt-injection facility was added; the specimens were 

again spun at 1750 rpm. Sanples were run for 670h; the comercial alloys were not apparently included 
In this test. 



. ^aogelerated test consisted of 2 min at 1250°F (676°C) 2 min at 1750°F (955°C) and 2 min at 
2050 F (1121 C). Including heating and cooling times, the total cycle time was 7 min. The salt 
concentration was constant throughout. Figure 51.9 shows the weight loss in 70h tests with 35 ppn 
salt: again, Wl-52 was very much the worst of the allays examined. The cross-sections of the corroded 
specimens are shewn in Figure 51.10. Figure 51.11 shows the results of 220h tests with 3.5 ppn salt? 
again Wl-52 is the worst, but the difference is not as great. Wl-509 seems rather worse than MM-302. 
Figure 51.12 shews the appearance and cross-section of tiie corroded sanples: the Wl-52 shows very 
extensive internal oxidation along the carbide network. 

The corrosion behaviour of all the alleys was also studied coated, with a CoCrAlY coating on 
the TO alloys, and pack cementation coatings on the comercial alloys. 

The TO alleys and Mar-M 302 were oenpared as first stage turbine vanes in a IF 30 engine. 
The maximun metal temperature were 2000 and 2100°F (1093 and 1149 C). The engine test was run for 
150h under simulated flight conditions. No salt additiv« was used; JP-4 fuel was burnt. The 150h 
test consisted of 25 x 6h cycles. Sore oxidation results are reported for the uncoated TO alloys. 

N. T. Wagenheim, Cobalt, No. 48, 1970, 129. 

See X-40 for details. n — - Q-- —-—Corrosion data at the 5 ppm salt level given in Table V: After 
1650”F (871 C) the surface loss was 15.6 mils, and the naximun penetration was 21.4 mils. 
lOOOh at 1750 F (955 C) : 6.6 and 18.2 mils. lOOCh at 190CTF (1038^): 63.4 and 73.9 mils, 
worse than X-40 cr Mar-M 302. 

500h at 

Rich 

A. M. Beltran, Cobalt, No. 46, 1970, 3. 

See X-40 for dgtails and for the principal results. The internal oxidation is shown of Wl-52 
hot corroded at 1900 F (1038 C) in Œ burner rig burning 1» S diesel oil, with 5 ppm sea salt in the 
air; shewing very extensive attack of the internal carbides. 

H. T. Oiigg, R. M. Schirmer and L. Bagnetto, Final Report to NASC on Contract No. N00019-69-C-0221 
(Phillips Petroleun Carpany Research and Development Report 5732-70) July 1970. 

See 713C for details. 

P. A. Bergman, C. T. Sims and A. N. Beltran, Hot Corrosion Problems Associated with Gas Turbines; 
ASTM Special Technical Publication STP 421, 1967, 38. 

See 713C for details. Three cormercial cobalt-base allays (Wl-52, X-45, SM 302) tested in a 
smal^ burner rig (1% S diesel fuel, 200 ppm salt in the air, 100h tests, 1750 and 1900°F (955 and 
1038 O). Wl-52 was quite resistant at nSOT", but was severely attacked at 1900°F. Figure 51.13 
shows a cross-section of a specimen tested at 1900°F: there is considerable internal attack.apparently 
along the carbide networks. -rr— j 

* ^°nac^e> Jr., R. A. Sprapjo, R. n. Russell, K. G. Boll and E. F. Bradley, Hot Corrosion 
Problems Associated with Gas Turbines, ASTM Special Technical Publications STP 421, 1967, 85. 

See 713C for details. 

L. D. Graham, J. D. Gadd and R. J. Quigg. Hot Corrosion Problems Associated with Gas Turbines, 
ASTM Special Technical Publication STP 421, 1967, 105. 

See 713C for details. The ranking of several allays is caipared in a Ih crucible test at 1800°F 
,,,in NaCl» 99% Na-SO.. Wl-52 is one of the better allays, acnparable to U-700, nuch better 

than 713C. (Mar-M 302 was one of the worst alloys tested). 

(982°C) 

R. M. Schirmer and H. T. Qoigg, Hot Corrosion Problems Associated with Gas Turbines, ASTM Special 
Technical Publication STP 421, 1967, 270. 

See 713C for details. This paper is based on reports abstracted above, and describes tests in the 
Phillip* Environmental Simulator in the tarperature range 1400 - 2200°F (760 - 1204¾ ; 0.0002 , 0.040 
and 0.40% S in JP-5; 0, 1.0, and 10.0 ppn sea salt in the air. The corrosion of Wl-52 is shown in 
Fig. 51.14 as a fmotion of tenperature and test conditions. The relative durability of the alloys is 
conpared : Wl-52 was poor, conparable with IN 100 and SM 200. 
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D. L. Deadmore, NASA Technical Memorandum TW X-2195 March 1971 (Lewis ffesearch Center). 

0See IN 100 for details. Figure 51.15 shews a typical micrograph of Wl-52 nviH<aaH at 19oo°F 
dois C), 302hcycles. The weight change data for Wl-52 tested under isothermal and cyclic conditions 
at 1900 and 2000°F (1038 and 1093 C) are presented in Figures 51.16 - 51.21. The isotheiral weight 

presented in Figures 51.16 and 51.17. At 1038¾ Wl-52 gains weight approximately linearly 
with tiro (0.05 mg/an Air). Considerable spalling of the oxide scale occurred on cooling the speeijnen 
at-the end of the run. At 1093 C the weight gain is again approximately linear (0.075 no/otr/h). Again, 
there was heavy spalling at the end of the run. Figure 51.17 ocupares the present isothermal data with 
that fron C.E. Icwell and I. L. Drell, NASA TN D-6148, 1970 and C. H. Lund and H. T. Wagner DMIC ttept. 
¿14, Mar. 1, 1965. The former are about the samu as the present study, but the latter concerned 
specimens in the as-cast ocndiUon, which oxidised faster (0.34 irg/on/hr). 

Cyclic oxidation weight change data are also included in Figs. 51.16 and 51.17. Initiallv there 
is a weight gain and little spalling: cnoe a peak weight gain of 1 to 2 mg/ern is reached spallation 
increased and a few cycles beyond this peak the specimens showed a net weight loss. Socn the loss was 
linear with time at all cycle frequencies. Spallation of the oxide scale was extensive and often 
explosive in nature in this linear weight loss region. Spallation increased with increalng cycle 
frequen^ and with increasing tenperature. Figure 51.18 plots the tire required for a weight loss of 
80 mg/an versus the cycle frequency. 

The weight gains at the test tenperature for the 2, 5 and 20h cycles were continuously recorded and 

^Tti^ ÍfbSh S^ati^s.to FÍgUre 51,22 ^ ^ 1X1 retal thickness as a function 

After each 20h cycle at 1093°C the insitu surface scale on ground and lapped and ground and polished 
mens was found to nnnt^n ^ o and CoO. The spalled material waspredcmin^tly specimens was found to contain Cr,0,, CoWO. 

' " ' " ~ nts o' 4 CoCTjO^ and CoO with lesser amount 
( ^ _ __ 
’of Crj^ and c3MD4. Table 51-l‘shows the data. 

839001:10' Final t**0* to Naval Air Systor® Ccnrand on Contract 
N00019 70-C-0293 (Kiillips Petroleim Corpany Research and Development Report 5903-71) Jan. 1971. 

^..^0 713C ^ «fetal18* Wl-52 was the most heavily corroded of the cobalt-base alloys under all teat 
oenditions. (The others were X-40, Mar-M 509 and Mar-M 302). * 

See 713C for details. 

““ITlT rírtl1? SVíl»,:?“ I* fc»d b, a. fislICMlng rtwre.: 
md liLÍ ' • ■ l0'M' 10-l0S' “-“3. 10.124, 52.8 , 52.9, 52.11, 52.12 , 52.13, 

10-1, lO-VI, 10-XVIII, lOXIX, 10-XXI, lO-XXV, 10-XXVI, 10-XXX, 31-1. 
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TABl£ 51-1 

QUANTITATIVE SPALL ODMPOSTTION BY 

X-RAY DIFFRACTION FOR 2000° F (1093°C) TESTS 

(Total exposure in each test, 60 hr.) 

Surface 

cimdiliun 

and cycle 

Phase content of spall, wt % 

Cr2°3 CoCrjO^ CoO *CoW04 

Ground-lapped 

20-hr cycles 

(3rd cycle) 

5-hr cycles 

(12th cycle) 

2-hr cycles 

(30th cycle) 

4 

2 

bND 

50 

46 

40 

35 

32 

J3 

U 

20 

27 

Ground-polished 

20-hr cycles 

(3rd cycle) 4 21 56 J 19 

'Hv (htfcn ncc. 

l,Noi <U-le« led. 
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air and 0.0002 wt • sulphur in fuel.

Figure 51 7. 2200°F dyn«»lc
isotheraal oxidation erosion test 
results. (Cox and Hecht)
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*1-52 (Schirser and Qulgg).

22X

; • t

r :«i .
t-i

•Jtrt.in cwHiwfld

C«(irM tmt

iMftKM Mta

,.L
0

i i
Id. ]%

V

Figure 51.16. Height change of 
grownd-'.apped KI-S2 apeciaeiiH during 
isolheraal and cyclic oxidation at 
1900‘'r (1038°C) (Deadaore)

«V

Figure 51.15. VI-52 after thirty 
2-hour cyclea at 1900°F (1038°C). 
X250 (Deadaore).

Figure 51.17. height change of 
ground-lapped VI-52 apeclaens 
during Isotheraal and cyclic oxld- 
at ion at 2000°F (1093°C). 
(Deadaore).



Figure Sl.lt. Relation between 

cycle frequency and tlae to loea 
of 80 allllgraae per square 

centlaetre for W1-S2. Ground- 

lapped speclnena (Deadaore). 

0 4 8 1? 16 ?0 
Ondoücn tire, hr 

Figure 91.lt. Weight gain of WI-S2 
during heating portion of each 

20-hour cycle at 2000°F (1093°C) 

ground-lapped specimen. (Deadaore). 

e: 

I 

1 2 3 
Oxidation time, hr 

Figure 81.20. «tight gain of «I-S2 

at 2000 F (1092 C) during heating 

portion of successive 8-hour cycles 
for ground-lapped speclaen. 
(Deadaore). 
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Ondation tim«, hr 

Figure SI.21. Weight gain during 

heating portion of aeveral 2-hour 
eyelet for WI-S2 at 2000°F (1093°C) 

for ground-lapped apecinen. 
(Deadmore). 

• wop 

i 

Figure 51.22. Effect of cyclic 

oxidation on total eetal thickness 
loss of WI-52 at 1900° and 2000°F 

(1038 and 1093 C) for ground- 

lapped specleena. Original setal 

thickness, 0.25 centlaetre. 
(Deadaore). 
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X-40 and X-45 

P. A. Bergman Corrosion 23 (1967) 72. 

See SEL for a sumary of the method and sane of the general results. The loss in dioneter of some 
alloys in 5Ch in the tenpeature range 900 - 1093 C in 0.25% S fuel with 0, 2 and 200 ppm sea salt in the 
air is shewn. With no salt, the oxidation of X-40 was rather greater than that of the nickel-base alloys, 
SEL, SEL 15 and 713 at 1020 and 1093 C, but the oorroeion was not great. With 200 ppm salt the alloy 
was relatively resistant by ooiparison with a large range of allays: indeed, the oorroeion rate was only 
slightly affected by the presence of the salt. Metallographie examination showed that the carbide 
network in the alloy was attacked. A grey phase consuned the carbides and was, in its own turn, 
oxidised. 

The effect of sulphur and salt in the attack at 913 and 982°C for X-40, SEL, SEL 15 and 713 is shown. 
X-40 was the most resistant under all circuí»tanoes : it was most heavily attacked by 200 ppm NaCl, 
0.006% Si 200 ppm sea salt + 0.25% S was less aggressive. 

J.J. Walters (AVOO/LyDoming Division) Technical Report to the Air Florae Materials Laboratory, WTidit- 
Patterson Air Force Base AEM/-TR-67-297 (September 1967). 

Extended sunmary in B1900, X-40 was the best alloy tested, showing no oorroeion under any ooiditicns 
- JP-4, JP-4R fuel with 4 ppn or 8 ppn salt in the air? JP-5 fuel with 8 ppm salt, in the température 
range 1450 - 1750°F (788 - 954°C). 

B. 0. Buck land, A. D. Foster and J. J. Treanor. Paper presented to the Annual Meeting of the M»nnr»ii 
Association of Corrosion Engineers, Miami, Florida (April 1966). 

See U500 for details. 

Discusses the G.E. small burner test, its use in predicting practical lifetimes, and the effect of 
service variables on the expected life. Tests are ccrrmonly run from 100 to 6000h at tenperatures in 
the range 1400 - 2000 r (760 - 1093 C). Metallographie method of evaluation of corrosion. Empirical 
expression; oorroeion varies as (time)n, where the index n varies with tsnperature, is * for 
extrapolation: graphs plotted as log corrosion versus log time. At tenperatures in the range 1100 - 
1400 r (§93 - 760 C), n is approximately 1/3; 1400 - rKXTF (760 - 927¾,n ^ 1900 and 2000F (1038 
and 1093 C), n ^ 1. Testing up to at least SOOCh was felt to be necessary if extrapolations to 
30,000 or lOOOOQh were to be made. Figure 52.1 shows the corrosion of X-45 as determined by the ■nail 
burner rig. Table 45-III lists observations on parts examined after gas turbine service. Nozzle N2 
was of X45 which had run using residual oil for a total of 5,20Gh stopping an average 29 times every ICCh. 
The rmning terperature was 1590°F, and the corrosion was 11.6 mils. The small burner test would produce 
this amount of oorrosicn in this time at a terperature of 1720¾ Nozzle N3 was of X-40; 4,90Ch; 29 stops 
per lOCh; 1590¾ 20 mils corrosion; small burner terperature 1750°F. Nozzle N4; X40; 9,02Gh; 29 stops/ 
iOOhi 1590 F; 40 mils oorrosicn; 1770¾ Nozzle N5; 2860h; 29 stops/100h: 1760¾ 130 mils corrosion; 
1960 F.etc. (9 other exattples listed). The authors discuss various factors which alter 
the apparent terperature; use of residual or crude oil (-60¾ ; shutdown frequency (-1°F for each shut¬ 
down per lOCh operation) ; service factor (-70°F for the poorest service) ; and a differential to account 
for the more severe conditions encountered by blades as apposed to vanes (-110F for blades over the 1260 - 
1430 F terperature range). 

A. U. Seybolt, Tixns. AIME, 242 (1968) 1955. 

Figure 52.2 shows an X-45 specimen subjected to 616h, at 1600°F (871°C) in a ccrbusted 2.9% S distillate 
oil containing 125 ppm sodium as NaCl (see U 500). 

H. von E. Doering and P. A. Be reptan, Naval Ship Research and Development Centre Materials laboratory Research 
and Development Report No. 2844 (March 1969). 

See 713 C for details. In a 100h test at 1750°F (955 C) with 200 ppm salt the surface loss was 0.6 
mils and the maxirun penetration was 9.2 mils; in a 1000h test with 5 ppm salt the corresponding figures 
were 1.0 and 11.6 mils. At the high salt content U-500 was a little better, although the difference 
was not great- at the lewer salt oontent, which the authors regard as the more realistic, X-40 was 
clearly the best of the allays tested - the next wes L605. 
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J. R. Johnston and R. L. Ashbrook NASA Technical Note TN D-5376 (August 1969). 

See Bl900 for details, and for a list of the.general tables and graphs. The weight loss in 50h 
tests in the high velocity cyclic tests (18 mg/otr) and in static oxidation tests (4.5 mg/an ) at 
MOOT’ (1093 C) is ccnpared: X-40 stood up to the cyclic tests rather better than most. 

'.tie oxides determined by X-rays after high gas-velocity cyclic testing are listed. 
20h and 60h, Cr.O, and a spinel with a = 8.30 8? 100h, Cr.O, only. 1900°F (10381¾) ! 

1800°F 
“o - urij-y. Í.3W I UUJO <-> I <CU1, Cr,0, . 

a spinel with a^ * 8.35 A; 60h and lOCn, Or,0-,, monoxide (CSOT, a spinel and COWO^. 2000 F (1093JO' 

(9820C)s 

a opjams*. wxui a - w* cum 1'UilUiU.ue , d spiJiei dnu ICMUae ¿VJUU F 

20h, Cr203, CoO, spinel; 60h, Cr20,, CoO, spiifel; CoW04; 100h, CoO and a spinel vfcth a„ » 8.3CÄ. Cr203, 
and 
fc): 

On average, X-40 specimens lost 1240 mg after lOOh testing at 2000oF 
Hastelloy X or Mar M 200. 

(1093°C), a little better than 

V.S. Moore and A. R. stetson, Final Report on NASC Contract No. NXJ019-68-C-0532 (Solar Research Division 
Report FDR 1626-5) Decenter 1970. 

See B 1900 for details. The tests were terminated after 17h at 1800°F because of the extremely 
rapid hot corrosion which was nevertheless not as bad as 713 C No metallographs of the attack are shown. 

Tables of emulative weight changes during testing are shown. At 1800°F: 

Exposure Time, hours 10 
weight change, mg. -174 

-194 

At 2000°F: 

17 
-328 specimen 1. 
-311 specimen 2. 

Exposure Time, hours 
weight change, mg. 

10 20 30 
-385 -710 -1124 
-421 -784 -1215 

40 50 
- -2006 specimen 1 
- -2087 specimen 2 

M. Kaufman, Trans. ASM 62 (1969) 590. 

See SEL for details. The scales on the cobalt-base alloys tended to spall, although this tendency 
was rather less in X-40 than in the experimental CEOO ail leys. Figure 52.3 shows the corrosion attack, 
with and without 200 ppn sa It tests at 1675, 1800 and 2000T (913, 982 and 1093¾). The salt seared 
to have relatively little effect at 2000 F but produced a significant acceleration at 1675ÖF. 

The external scale products in the 200 ppn salt tests were identified by X-ray diffractions Na,S0. 
was found on all specimens at 1675 and 1800, but not at 2000 F. TWo fon» of CoO were observed, one vJith 
a normal lattioe parameter and one with a lower parameter, probably containing nickel. The amount of 
this diminished with increasing tenperature. Cr-0, was present at the start, but the amount 
after the first few hours, virtually disappearing; J A Oo-Cr spinel was present at all tenperatures and 
times. In oxidation tests without salt, only small amounts of CoO were present at early times at 2000°F, 
none at lewer torpe ratures. anall amounts of Cr-O., and small amounts of spinel, increasing to moderate 
amounts at longer times and higher toiperatures, were present. 

At 2000°F sulphides were rarely seen and only at longer times. In the no-salt tests the ^rhiffaw» 
were attacked; after 16h at 2000 F x-40 had a surface layer depleted of all carbides. 

S. T. Wlodek, Paper presented at the Atlantic City Meeting of the Electrochemical Society, October 1970. 

See L605 for details. Specimens were abraded through 600 paper and electropolished. Figure 52.4 
show weight gain versus time on log scale: the curves were erratic and Irreproducible. Areas of very 
localised attack which may have been associated with liquid reaction products were noted after testing at 
2000 r (1093 C) and above. Cn cooling, the scale on all X-40 specimens cracked and exfoliated usually 
along the metal/oxide interface. The major source for the erratic data appeared to be the preferential 
oxidation of the high tungsten M^C type carbide phases and other compositional heterogeneities. 



447 

F¿!í!fe..^2’5.ihcws appearance of the sub-surfaœ oxidation after 100 at 1800°F Í982°C). Figure 52.6 
°! i^S^^^tion for times up to 400h at 1600, 1800 and 2000°F (871, 982 Slid 

m! ^ aí^00 FC* ’ 0Fi9ure 52.7 shorn the sort of localised catastrophic oxidation 
by X-ra^diffraction^ ^2^°° ,^1093 £i’u,^able 52-1 shcws ^ surfaoe reacUcn products idenUfiei 
Scr 0 y wî2 a ^*8 ^ ^ te?Peraturesuthe principal.product was a spinel, probably 
ifr,2 4i TjJto l. °‘2?~ 8;43 x- At shorter times at the lower tatperatures Cr,0, predominates. 
2Sh at toîhlaS 2^§pa ^ ^ obtained by x-ray diffraction of an extrackán^esidu!!? After 
4Ujn at both 1800 and 2000 F, the residues ware Cr^ and a - cristobalite. 

N. T. Wagenheim, Cobalt, 48 (1970) 129. 

This paper reports work designed to develop cobalt-base alloys for service as a vane material in a 
^ ¿'Til1* gaS a firill9 taiçerature og 1750F (9556C) and a 500Ch Ufe between overhauls. 
The first stage vane metal temperature may approach 1900°F (1038°C). Aimed at strength at 1900°F 
ocrparable to WI-52 and hot corrosion resistance superior to that of X40/X45. The experimental alloys 
were designated MhlOO, and were modifications of the X-45 corposition. ïhe comercial alloys X45 WI 52 
an ,'laroM 302 were included for caparison. In addition, a series of experimental alloys (DISCO) 'were 
^Vl^T1naS a ^iS 5°r d!!5r!.ian-8trengthened alloys. The hot-oorrosion resistance wL tested in^he 
Snffí1 describ«i by Bergman, using a 1% S diesel fuel, with between 5 and 200 pgn sea salt 
added to the corb ustión gases. 100 - lOOCh at temperatures in the range 1600 -2050°F (871®-1121°t) 
specimens were cycled every 50h to roan temperature by air blasting. The specimens were pins, 0.125" 
pénétration^ 001X08300 was metallographically in terms of the surface loss and the maxinun 

At 5 ppn salt level,Qthe attack of X40 is: at 1600°F (871°C). 500 h 0.6 mils surfaoe loss, 4.2 mils 
17^° F ,(955 c)* l00cih* 1*0 and 11.6 mils» 1900°F (1038*0), lOOCh, 3.8 and 18.5 mils. 

After 500h at 1600 F, there is internal oxidation of the carbides, seme snail amounts of sulphides just 
under the interface, but really relatively little attack. ^ 3 

A. M. Beltran, Cobalt No. 46, 1970, 3. 

Eigure 52-8 tbe static oxidation of WI 52, X45, Mar M. 509, Mar M-3Q2, and 
(1093 C), mostly taken from H.L. Wheaton, Cobalt, No. 29, 1965, 163. WI-52 and X-45 
although the X-45 curve cnly extends to 20h, and the rate is diminishing. Mar-M 509 
the same, FSX-414 is much slower. ^ 

FSX 414 at 2000°F 
oxidise very rrpidly, 
and 302 are almost 

„ .kT1?1?6 52,?iSÎK*IS relative oxidation resistance of a nunber of cobalt-base alloys as determined 
sma11 burner rig, operating with natural gas and no salt. Data are shown for X-45. FSX-414 

,¡lar"Mf,50? ~d,?816 at 1600 F (871 c) (airsfuel 70:1)» 1800®F ^982®C) (air»fuel 60:1)' 
and 2000 F (1093 C) (air:fuel 50:1)» gas velocity 70 fps (21 m/sec). The standard test is of 60Ch but 

^ lO.OOCh. nie ranking at 2000SF is: FSX 418 test, then FSX 414, Mar M 302, Mar M 
509 and X-45 about the same, and finally S.816. The orders at the lower tenperatures are not so clear, 
but at leng times it seems to be about the same as this. 

. Fi?i?rL52*10ff) sbo** tb® microstructure of X-45 after 1000h at 2000°F (1093°C), local regions of 
heavy attack (similar to those shewn by Wlodek) are separated by regions where there is little attack 
The author concludes that increasing the Or coïtent i^roves ctoLdSicn ro^SnoeTni^U ÍSSiy 
harmful , tungsten is innocuous at intermediate tenperatures but deleterious at high tenperatures, arei 

sanfwhdt beneficial. Molybdenum is present in S 816, and possibly it also nay be deleterious 
aZ. nign tfirrpGirâtiirGS • 

figure 52. H shows the relative hot-oorrosion resistance of cobalt-base alloys tested in the GE burner 
[ ^¾°3 S o31‘ 325.PPn NaC1 in the fuel, equivalent to 5 pgn in the air, 600h tests at 
loUOF (o/l C). In this, X-45 was the poorest, Mar^M 302 about the same; Mar M-509 rather better ^ 816 
better again, and FSX 414 and 418 sUll better. Figure 52.12 shows ^ rStL^Jiîï^oÏ^a'f^ïon 
of tenperature, of a number of alloys: in 1% S Diesel oil, 5 ppn sea salt in the air; generally WI-52 is 
worst, Lr605 next, Mar-M 509 next,then Mar-M 302 and X-40 about the sane. Figure 52.13 shows the 
take^plaœ^ ^ ^-52 after 1000h at 1900 F (1°388C). Internal oxidaticTof the carbides had 

The sulphides found in the hot corroded alloys were generally CrS . and it was stated that the alloy 
oxidation was relatively imhanred by its presence, although "some chroftiun is used up in the process". 

of iiqu“ “«v® t-n «»d i» a» i« Stiis; 

tUr«fiFÍh^ of Co-base and Ni-base comercial alloys: at tenpera- 
tures above 1800 F FSX 414 and 418 are better than U 500 and ocrparable with taw 77. X-45 appreciably 
worse. * * • 

- oSSiL“;“ST,!? ^ - ^-000 » ,- te«» 
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H. T. Quigg, R. M. Schinner and L. Bagnetto, Final Report to NASC on Contract No. N0CO19-69-C-0221 
(Phillips Petroleim Oorpany Research and Developnant Report 5732-70) July 1970. 

See 713C for details. Figure 52.16 shews a specimen exposed to a 85h cyclic test at 2000°F 
(1093¾) with 1.0 ppm sea salt in the air, and 0.04 wt % S in the fuel. Figure 52.17 shews a similar 
specimen tested with 0.0004% S in the fuel. 

P. A. Bergman, C. T. Sims and A. N. Beltran, Hot Corrosion ProblemsAssociated with Gas Turbines; 
ASTM Special Technical Publication SIP 421, 1967, 38. 

See 713C for details. Three cobalt-base comercial alloys (X-45 SM 302 and WI 52) tested in small 
burner rig (lOOh tests, 200 ppm salt, 1% S diesel fuel) at 1750 and 1900 F (955 and 1038 C) as a basis 
for cerparison with a series of experimental alloys. X-40 was very resistant: maximxn penetration less 
than 10 mils at either tenperature. 

R. W. Hardt, J. R. Gaitbino and P. A. Bergman, Hot Corrosion Problems Associated with Gas Turbines, 
ASTM Special Technical Publication STP 421, 1967, 64. 

X-40 was included for cerparison in a programe designed to study the mechanian of corrosion in 
experimental alloys for marine applications. A snail burner rig was used with 1% diesel fuel, 200 ppm 
sea salt in the air, lOOh exposure. At 1675°F (913 C), X-40 was very resistant, with t£e surf gee loss 
being almost undetectable and the naxinun penetration only 3 mils. The res"1*— at 1750 F (955 Owere 
virtually the same. The principal oxide formed at 1675 F was a spinel with aQ “ 8.28 A, with traces of 
NiO (sic) and CTjO^. 

M. J. Donachie, Jr., R. A. Sprague, R. N. Russell, K. G. Boll and E. F. Bradley. Hot Corrosion Problems 
Associated with Gas Turbine-:, ASTM Special Technical Publications STP 421, 1967, 85. 

See 713C for details. Among the alloys tested vas "AMS-5382" which from the corposition is identical 
with X-40. The weight loss is corpared with Mar-M 302 and 713: all seem oonparable. The alley is not 
very sensitive to salt concentrations. The corrosion in a 50h test with 35 ppm salt and that in a 500h 
test with 3.5 ppm salt, both at 1650°F, is ootpared. X-40 is very good in the shorter test, ocnparable 
with Mar-M 302 and U 700 in the longer test. 

F. J. wall and S. T. Michael, Hot Corrosion Problems Associated with Gas Turbines ASTM Special Technical 
Publication STP 421, 1967, 223. 

See 713C for an extended sumary. Specimens of several comercial alloys were tested bÿ ooating 
with 50% Na,S0./50% MgSO. and oxidising in a simulated ccnbustion gas at 1250, 1350, and 1450 F (677, 
732 and 788¿0CT for times up to 1000h. The alleys are identified only by nuiber and by approximate 
expositions, but No. 2 appears to be X-40. On the basis of a lOOh test at 1450¾. the alloy is rated 
excellent, the same as a 20 Ni-25 Cr steel and Ra 333 (the authors cannent that the chroniun content, 
rather than the base metal, is the signifient factor). Figure 52.18 shews the kinetics of the corrosion: 
the attack is significantly greater at 1250¾ than at the higher two temperatures. 

S. Y. Lee and W. E. Young, in Combustión and Heat Transfer in Gas Turbine Systems: Cranfield Synposiun 
No. 11, E. R. Norster (ed.) (Pergamon, Oxford 1971) 253. 

See 713C for details. The effect of pressure on oxidation is shown: the rate for X45 is nearly 
quadrupled on going fron 1 atm to 3 atm pressure. The rate of oxidation at both pressures is similar 
for IN 738 and U500. 713C is the same at the lower pressure, but the rate only doubles at the higher 
pressure. Figure 52.19 shows the effect of specimen cooling on the oxidation rate. 

S. Y. Lee, S. M. DeCorso and W. E. Young, J. Engineering for Fewer, (ttana. ASME) July 1971, 313. 

Eteri »ff of tests ocupar ing U 500 and X-45, described in detail under U5C0. Uhder most circumstances 
the two alloys do not appear to be significantly different: X-45 seems to have rather better resistance 
at higher sodium plus vanadium levels. 
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H. T. Quigg, R. M. Schirmer and L. Bagnetto, Final Report to Naval Air Système Ccnnand on Contract 
N00019-70-C-0293 (Phillipe Petroleun Oatpany Researdi and Development Report 5903-71) Jan. 1971. 

See 713C for details. Figures 52.20 and 52.21 show details of the corrosion interface, for X-40 
specimens corroded for 85h with sulphur contents in the fuel of 0.0040 and 0.0004 wt *. 

A. J. B. Cutler and C. J. Grant in "Deposition and Corrosion in Gas Turbines" A. B. Hart and A. J. B. 
Cutler (eds.), (Applied Science Publishers, London 1973) 178. 

See IN 738 for details. X-40 corrodes more slowly than Nimonic 105, but not as slowly as IN 738, 
in molten Li/Na/K sulphate at 727°C in 1 atm 0_, 3.23 :< lO-’ atm SO-. After corrosion, the molt^ç 
sulphate had an intense blue coloration due to*th^ presence of an appreciable concentration of Co ions 
dissolved in the melt. The concentrations of Co and Ni ion dissolved in the molten sulphate after 
the alloy electrode had been removed were derived from the experimental values obtained for the reversible 
metal/metal ion potentials at 600°C using pure cobalt and pure nickel electrodes, relative to the standard 
metal/metal ^¡n potentials at this temperature derived by the authors (unpublished work). The concent¬ 
ration of Co was 7.0 + 1.5 x 10 mol^, and the charge transfer required to form this-concentration 
from the alley is 5.4 coulombs. For Ni the corresponding figures were 9.0 + 2.5 x 10-3 molal, 0.7 
coulcrb. The total charge transfer corresponding to the integration of the corrosion current data for 
X-40 in Figure 4 (see In 738 ) is 7.5 coulombs. The concentrations of the dissolved metal ions thus 
corresponds to almost complete dissolution of the cobalt and nickel corrosion products if the alloy 
conponents are oxidised in proportion to their concentration in the alloy. The solubility of ttie cobalt 
and nickel ions in the molten sulphate is consistent with the values of the equilibrium constants for 
the metal oxide/metal sulphate equilibria. The corresponding equilibrium constant for Cr-(SO.)- 
indicates that the solubility of chromium oxide will be relatively snail. The difference in tneJcharge 
transfer from the corrosion current and that corresponding to the dissolved nickel and cobalt ion is 
consistent with the thin (5ppn) oxide layer formed on the surface of the metal. 

Electron microprobe analysis did not show any significant sulphide concentration. 

J. F. G. Conde and G. C. Booth, in "Deposition and Corrosion in Gas Turbines" A. B. Hart and A. J. B. 
Cutler (eds.) (Applied Science Publishers, London 1973) 278. 

See Nimonic 105 for details. Tests in the AML low-pressure rig, principally at 750 and 830°C 
with 0.1 ppn salt for 2QCh are described. Overall, x-40 is the best alloy tested. 

C. J. Spengler, S. Y. Lee and W. E. Young in "Deposition and Corrosion in Gas Turbines" A. B. Hart and 
A. J. B. Cutler (eds.) (Applied Science Publishers, London 1973) 294. 

See U 500 for details and the principal results. The paper reports a number of tests, using U 500 
and X-45 as the principal alloys. Figwire 52.22 shows the effect of gas and metal taiperature on the 
oxidation and hot corrosion of X-45 in a pressurised passage turbine simulator operated at 3 atm pressure, 
the test time being 50h. For the hot corrosion tests the fuel contained 5 ppm sodium. 

K. Page and R. J. Taylor in "Deposition and Corrosion in Gas Turbines" 
(eds.) (Applied Science Publishers, London 1973) 350. 

A. B. Hart and A. J. B. Cutler 

See Nimonic 105 for details. Several photographs cctipare Nimonic 105 and X-40 blades from hover¬ 
craft Proteus engines: X-40 seems significantly better. Figure 52.23 shows the first stage nozzle 
guide vanes from a marine Proteus after 1525h in a hovercraft, the vane metal tenperature being approx. 
900°C. Without pack aluminising the vanes are catastrophically attacked; the pack aluminised vanes 
show relatively minor hot corrosion. 

W. L. Wheatfall, in "High Tenperature Corrosion of Aerospace Alloys" J. Stringer, R. I. Jaffee and 
T. F. Kearns (eds.), AGARD Conference Proceedings No. 120 (March 1973) 235. 

See 713C and IN 738 for details. 

L. M. Maas and C. L. Miller, ASME Paper No. 72-OT-77, presented to the Gas Turbine and Fluids 
Engineering Conference Products Show, March, 1972. 

See 713C for details. 

1 ají. k -1...-.11 - .i--. ,,. . . u 
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I. X. Bessen and R. E. Fryxell, General Electric Technical Information Iteport R72AEG317, (Nov. 1972); 
paper presented at the Gas Turbine Materials Conferei.ce, Naval Ship ihgineering Center, Oct. 1972. 

See Rene 80 for details. 

E. G. Roberts, Rol Is-Roy oe Laboratory Report No. LE 72/83 ([torch 1972) 

Reports a ccrparison of aluni ni sed and non-aluminised X-40 nozzle segments from a Proteus narine 
engine after 1525h running with excessive salt ingestions (on hovercraft SRN 4). 1.» ncn-aluminised 
segments showed very considerable attack: the aluminised very little (Fig. 52.24 and 52.25). Hie 
metallography of the attack on the heavily corroded vanes (Figure 52.26) showed the presence of a 
sulphide layer (stated to be chromium sulphide) and attendance scale layering, of the sort experienced 
with the more susceptible nickel-base alloys (e.g. Nimnnic 105) but not hitherto with X-40. Hie 
adjacent X-40 rotor blades were in excellent condition, and the author cements that the superior 
resistance of X-40 oonpared to Nimonic 105 may have masked the fact that the stator segments do 
experience a more aggressive environment than the rotor blades. 

E.G. Roberts, Rolls-Royce Laboratory Report I£ 71/11 (April 1971) 

See Nimonic 105 for details. Test bed running of Proteus marine engine for 692h with salt in fuel. 
Little attack of P.A.X. -40 stator segments, except for selective oxidation of carbides when the 
aluminised layer had gone (Figure 52.27). 

Rolls-Royce (1971) Ltd. 

Figures 52.28 and 52.29 shew hot corrosion data fron a snail burner rig with 4 ppn salt in the air 
at 870° and 1050°C respectively, for X-40 (Haynes Stellite 31), PDRL 163 and IN 728. 

Data relating to the alloy will also be found in the following Figures: 

1.7, 1.9, 1.10, 1.11, 1.12, 1.13, 10.58, 10.61, 
14.6, 14.11, 30.1, 32.9, 32.10, 32.11, 32.12, 32.19, 
45.33, 45.34, 45.35, 45.37, 45.39, 45.40, 45.44; 

10.62, 10.65, 10.66, 10.83, 10.105, 10.123, 10.124, 
32.20, 41.1, 41.2, 41.6, 41.7, 45.30, 45.31, 45.32, 

and Tables: 

1-1, l-II, 1-V, 1-VI, 1-VII, 1-VIII, 1-IX, 10-VIII, 10-XVIII, 10-XIX, 10-XX, 10-XXII, 10-XXIII, 
10-XXIV, lOXXV, 10-XXVI, 10-XXX, 18-III, 18-IV, 31-1, 45-1, 45-11, 45-III. 



TABlü 52-1 

SURTACfc RLALTIüN PRODUCTS UN X-40 ' "fJDBK) 

Expoaur« 
Temp 
•f 

1600 
1600 

Hr. 

100 
400 

Phaaea Identlflad 

CrjOs ♦ CoCr204 < 
CoCr204 (Bo 

(*u * I 
.29*) * 

8.34X) , 
Cr203 ♦ CoO («o * 4.32A) 

1800 
1800 

100 
400 CoCr204 («o * 8 

(Bo " * 
,43a) ♦ Cr^a 

2000 

2000 

2000 

24 
100 
400 

CoCr204 (Bo = 8.29¾) ♦ Cr203 ♦ C03O4 (Bq * 9.06¾) 
CoCr204 (Bo * 8.34¾) + Cr203 + CoO (Bo • 4.20¾) 
CoCr204 (Bo = 8.30¾) * CoO (Bq = 4.24¾) * Cr203 

All IdentKlcatlona obtained by In-altu x-ray diffraction 

Lattice parameters of pure phases are: 

CoO, So = 4.26¾ 
C03O4 So = 8.04¾ 
CoCr204 Sq = 8.34¾ 

TABLE 52-11 

IDENTIFICATION OF TOTEfftAL OXIDATION* PRODUCTS IN X-40 (WUODEK) 

S102 
o-Crlstoballta 

Tetragonal 
i CraOs Bq =■ 4.97Â c0 = C.J3 A 
X l h.k.l _h ,, 1_ 

4.05 S 
3.63 M 
3 15 8 
2.85 M 
2.67 M 

012 

104 

101 

111 

102 

2.56 W 
2.48 S 
2.39 VW 
2.18 W 
2.09 W 

110 

113 

200 

202 

1.93 V« 
1.87 VW 
1.82 W 
1.69 VW 
1.67 S 

024 

116 

113 
212 

203 

1.62 W 
1.61 W 
1.54 VW 
1.468 W 
1.435 M 

214 
300 

301 
213 
311 

1.405 VW 
1.380 VW 
1.370 VW 
1.335 VW 
1.297 VW 1.01.0 

223 
214 

105 

Ox Id Had 400 hours 2000*9. Surfaca oxida raaovad by grinding and 
2 to 3 alias of Intarnally oxldlxod xone raaovad by alectrolytlc 
etching. 

rila pattern (CrKa) on resultant residue 
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no Moneo ffiflOO MjPOQ tOQpOO 

Figura S2.1. Total corrosion of 

alloy X45 with natural gaa fuel 

as aeasured by the snail burner 
teat. (Buckland et al). 

« 

Figure 52.2. X-4S cobalt-base 

alloy aubjected to hot corrosion 
ataosphere 616 hr, 1600°F. 

Magnification 680 tines. (Seybolt). 

Figure 52.3. Corrosion of X-40: 
full lines, with 200 ppa aalt; 

dashed lines, no aalt. (Kaufaan). 
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Mgure 52.10. Effect of raising 
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(1093 C> in still air (exposure 
lime : 1000 h). (Beltran).
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figure 52.11. Relative hot-corrosion 
resistance of complex cobalt-base 
alloys - GE Schenectady burner rig 
data: 3TS residual oil. 325 ppm 

In fuel, 6O0-hour testn at 
1600 F (871°C). (Beltran).
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33.000 hours of service In an 
Industrial f;as turbine (Beltran).
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Ki^ure 52.23. I’rotcus * HP
r.xzzlos in X-40 »ith and without 
pack alufr.intsin^ - 1500 h - 
Ho’trcralt <*ptrati«n - naxicuic 
turbine entr\ temperature 1145c<K. 
(Pa^re and Taylor)

li*tur» 52.21. X-40 stator segment
from, a marine Proteus engine after 
1525b (i«'Id trials aitb excessive 
salt ingestion. (K*<berts)

figure 52.25. Opposite side of 
th« segment shoan in Tlgure 52.24.

-1

figure 52.26. A pack aluminised 
X-40 stator segment from the same 
test as that shosr. in Figure 52.24.

figure 52.27 A section at the 
leading edge of a pack-aluBlnised 
>-40 stator segment from a marine 
rn>teus engine after 692h slth salt 
in the fuel. The pack alumlnlsed 
la>(‘r has been completely lost and 
there has been selective oxidation 
of the carbides. (X70).

(Roberta).
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Part 3. The Refractory Metal» 

The four metals niobium, tantalum, molybdenum and tungsten, 

commonly referred to as the refractoiy metala, all have attractive properties 

In advanced aerospace applications. They have high melting points and 

retain excellent mechanical strength to elevated temperatures; in addition, 

niobium and tantalum have very good ductility at low temperatures. Unfortu¬ 

nately, all four metals oxidize very readily at moderate temperatures. 

Figure 0.1, taken from Michael^' compares the metal recession rates of the 

four metals at 2000°F (1093°C). During the latter part of the I950's it 

became clear that materials with superior high temperature properties 

would be required for space vehicles and for advanced gas turbines, and 

many programs of research were initiated to develop alloys with improved 

mechanical and oxidation properties. Although there was considerable 

success in improving the mechanical properties, the only alloys developed 

with significant oxidation resistance were based on intermetallic compounds 

and were extremely brittle. 

As a result, in the early 1960's attention shifted almost entirely 

to the development of coatings, which lies outside the scope of this 

Handbook, However, although satisfactory coatings—notably those based 

on the si 1 icides—were de/eloped, local coating failures could not be 

entirely avoided, and furthermore at the highest temperatures degradation 

of the coating due to interdifi'usion with the substrate became a problem. 

Some of the urgency had been removed by engineering advances. 

In the case of aerospace vehicles, the development of ablative heat shields 

and in the case of gas turbines the development of blade cooling techniques 

reduced the requirements for high temperature materials. However, once 

again technology has advanced to a point where the relaxation achieved in 

these ways has been exhausted. In the case of space vehicles, the concept 

of the reusable space shuttle has led to renewed interest in coated re¬ 

fractory metal systems, although they arc still not prime materials candi¬ 

dates: the overall materials situation for the shuttle has recently been 
f 21 

reviewed hv Deutsch . In the case of gas turbines there are two possi¬ 

bilities’ the first is the need for small high power-to-weight ratio 

engines with short lifetimes for various purposes including direct lift 

for VSTOl. aircraft; and the second is the need to increase still further 

the turbine entry temperature in conventional aircraft engines, in which 

case it will he necessary to achieve long lives and high dependability. 

In the case of material for the gas turbine, a possible method 

is to use a composite, of which two different types have been proposed: 

in the first, the large part of the blade is made from a high-strength 

alloy, which is then cUd with a relatively thin layer (0.5 mm or so) of 

a relatively oxidation resistant, relatively ductile alloy; finally a 

coating is applied to the outside of this. The idea is that the cladding 

provides both a diffusion barrier, preventing degratlon of the atrong 

core, and a back-up in the event of coating failure. The second type 

involves the strengthening of a relatively weak, oxidation resistant 

alloy with strong fibres—for example, tungsten wires—the whole again 

being coated. 



At a result of these developments there has recently been a 

renewed Interest In the .tudy of the oxidation behavior of refractory 

«.tal alloys, although the total effort 1. still very limited In compari¬ 

son with that of the late 1950*s and early I960-.. For . nunb.r of 

reasons the major effort has been concerned with niobium (columbium) based 

systems. There seems little hope that competitive oxidation resistant alloy, 

ran be developed on the base of tungsten or molybdenum, and st the highest 

temperatures, where the use of these metals is mandatory, the extreme 

volatility these oxides means that alloying for oxidation protection Is 

virtually impossible. n,e problem is essentially the development of a 

coating system. Tantalum seems to respond worse than niobium to alloying 

for oxidation resistance for reasons which are not clear; but because of 

its greater density there has been much less interest in this metal. 

In addition to the alloy development programs there has been a 

continuing study of the mechanisms of the oxidation of the refractory metals 

and their simpler alloys. The oxidation of niobiut, tantalum and tungsten 

has been discussed by Kofstad”’, and all four metals and their alloys 

have been reviewed by Kub.schewski and Hopkins^4'. The oxidation of tantalum 

and its alloys has been reviewed in detail recently by Stringeri5). in 

this Handbook, only the main points about the oxidation of the pure metals will 

be summarized; little of the detailed mechanistic discussion and the experi- 

ments designed principally to evaluate mechanisms will be presented. 

However, since the development of oxidation-resistant allovs is at a very 

crly stage, data relating to simple systems „1,1 be presented, in contrast 

to its omission from the part concerned with superalloys. 

Section 1_ Niobium and Niobium A1 lovs 

Niobium forms three stable oxides, NbO, Nbn and Nb 0 , and 

a number of metastable lower oxides whose composition is uncertain The 

pentoxtde apparently exists in a number of modifications, but there is 

some argument about the equilibrium nature of some of the modifications 

The most common notation is that of Brauer**)who identified a low-tempera- 

ture form, T-Nb^, stable up to approximately 900°C; an intermediate form 

M-Nb205, stable between 900 and 1100'C; and a high temperature form 

H-Nb205, stable above 1100°C. Later authors have questioned the separate 

existence of M-Nb^; the powder diffraction pattern is similar to the H 

form, and M was probably an incompletely crystallized form of H It 

seems probable that Nb^ has a limited range of stoichiometry: oxygen- 

deficient material can be produced, which is black in color; but at large 

deviations a succession of closely-related berthollide structures with 

generé formula fJb3n + j0Hn_2 appear, due to different ways of stacking 

Nb03 octahedran. The oxygen-deficient Nb^ appear, to be an oxygen vacancy, 

n-type semiconductor, although there is some disagreement. The situation 

has been reviewed by Kofstad,7). 

When a clean niobium surface is exposed to oxygen, oxygen initially 

dissolves in the metal before a distinct oxide phase is nucleated. The 

length of the period before the nucléation of an oxide depends on the 

temperature and the gas pressure. EventualIv a distinct oxide is formed 

At temperatures up to 400°c the first-formed oxide is a tetragonal phase 

labelled^NhOx . Above «OO'C a second suboxide, NbO^ is formed. Norman, 

•t. al. show a specimen of niobium oxidized for 1300 minutes at 500"C ’ 

In oxygen at 10* torr. The only phases present were niobium contairing 
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dissolved oxygen and Nt)Oz, which formed as platelets within the metal. 

Eventually, a superficial layer of Nhnucleates and spreads over the 

metal surface. At high oxygen pressures these processes occur much more 

rapidly. 

Above 600‘C the motastable lower oxides do not appear to form, 

and beneath the outer pentoxide layer there are small amounts of the 

stable lower oxides N'bO and NbO^; these do not seem to form a complete 

layer, at least so far as can be detected by metallography. 

The pentoxide is formed under very considerable compressive 

growth stresses, and eventually fails, allowing the penetration of oxygen 

to the metal surface. This process repeats with the development of a thick 

porous outer scale. 

As a result of these sequences of events, the kinetics of the 

reaction are quite complex: during the solution of oxygen without the 

formation of an oxide the weight gain is parabolic. It is also parabolic 

during the formation of the pentoxide before its fracture; once the 

repeated fracturing process is established the rate law becomes effectively 

linear. There is a considerable evolution of heat in the oxidation, which 

can lead to initial non-steadv state reaction when oxygen is first 

admitted to the metal surface, which can last several minutes. Eventually 

a temperature is reached where the whole process accelerates and the 

metal burns; this ignition temperature depends on the specimen size and 

the atmosphere, hut for oxygen at 1 atm and 0.5 mm metal sheet it is probably 

of the order of 1100-1200^0. 

Most kinetic studies have Peen concerned with the approximately 

linear rate during which the porous oxide is formed. Figure 1.1 shows 
C3) 

Kofstad's representation of the temperature dependence of the rate 

constant. Figure 1.2 shows a different representation of essentially the 

same data taken from Stringer and divided up according to a scheme 

due to Mcl.intock/"\ Region A is an early stage of the reaction at 

lower temperatures when a fairly uniform egg-shell like oxide forms on the 

metal surface. After a time, a breakaway occurs at local points on the 

metal surface, a powdery oxide breaking through the contlnous layer, and 

gradually spreading over the surface. A faster linear rate is eventually 

established: this post-breakaway linear rate is Region B. At 600"C there 

is an abrupt reduction in the rate which appears to he associated with 

the disappearance of the metastablo Nb0z platelets as a dynamic feature of 

the oxidation process. In Region C a laminar scale forms, the lamination 

thickness increasing with temperature as the scale appears to become more 

plastic. The change in temperature dependence between Region C and Region D 

appears to be associated with the change in the pentoxide scale from T-Nb^O^ 

to H-Nb^O . 

Stringer^10* suggests that the NbOz platelets act as crack 

initiators In the scale, and this is why the rate falls abruptly at 600°C. 

There are other views, but it would seem desirable to suppress the formation 

of the platelet phase and encourage the formation of the stable lower oxides 

NbO and NbO^. 

The oxidation rate shows a marked pressure dependence as is 

indicated by Figure 1.1. At a fixed temperature, the pressure dependence 

is fitted well by a Langmuir Isotherm, at least at the lower temperatures, 

suggesting that adsorption of oxygen at some Interface is Involved in the 

reaction, but again tnere is no general agreement about the mechanism. 
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The detfl in Figures 1.1 and 1,2 come from a variety of sources^^ 

and there is general agreement on the overall rates of oxidation. One 

problem in interpreting the kinetic data is that the oxidation rate Is 

not uniform over the surface of the specimen. In the case of the usual 

coupon-shaped specimens, the edges and corners oxidize very much more 

rapidly (sometimes by a factor of 10 or morel than the broad faces, and 

the nominal weight gain figure is thus a rather lll-definec average rate 
(18) 

Kling noted that the oxidation involved the repeated fracturi 

of the pentoxlde scale, and suggested that first, alloy additions might 

be made in accordance with the well-known Wagner model, thus reducing the 

rate at which the Initial oxide film grows prior to fracturing. Secondly, 

alloy additions might be made to alter the mechanical properties of the 

scale, either by increasing the fracture strength or decreasing the creep 

strength, so that the growth stresses could be relaxed by creep. Finally, 

alloy additions might be made which would stabilize the lower oxides, 

which might have better transport properties and lower growth stresses. 

On the basis of his experiments, in which Ti, V, and Mo were all shown to 

have good effects at moderate concentrations, he suggested that a change 

in the mechanical properties and in particular an increase in the creep 

rate of the oxide, was the most important effect. 

ng 

(191 
Clauss and Rarrett suggested that alloy elements capable of 

*) * 
forming 1+ ions with a size similar to that of the Nh ion appeared to 

give good results. Kloppt ' suggested on the basis of a large number of 

binary and ternary alloys that the size effect was more important than 

the valence effect, with smaller ions than Sb*’* apparently contracting 

the scale and thus reducing the growth stresses in the scale. Many authors 

have concluded that simply modifying the Nb^O^ scale is not enough; either 

•ufflclent alloy element must he added to form its own protective oxide, 

by analogy with chromium or aluminum in nickel-base alloys, or an element 

capable of entering with niobium into a complex oxide more stable (and, of 

course, slower growingl than must be added. 

In addition to the problem of metal removal hv oxidation, niobium 

has a fairlv large solubility for oxvgen, of the order of 2-3 at "0 at 

lOOCC, and the inward diffusion of oxygen degrades the mechanical prop¬ 

erties of the core. Figure 1.3 shows the contamination rate of niobium at 

various temperatures. In the development of an oxidation resistant alloy, 

both the contamination and the scaling must he considered. 

A number of Investigators have conducted screening tests on wide 

ranges of alloys. Because of the different methods used a direct comparison 

is not always possible, and therefore they will be presented here separately, 

more or less in chronological order. In some cases commercial designations 

are used for allovs, and it is also useful to see how the compositions of 

the simpler alloys relate to the commercial systems. Table 1-1 is a listing 

of a number of allovs, taken from Frank , A notable omission from the 

listing is the oxidation resistant allov WC-3015, Introduced by Wah fhang 

Albany in 19f>9. The exposition can be varied within the following limits 

to meet particular requirements: HF, 28-307; 7.r, 1-27; Ti, 0-57; Ta, 0-47; 

W, 13-167; and C, 0.07-0.337,. The optimum oxidation resistance (oxide 

penetration to a depth of about 0.030 in, in 24 hour exposure to static air 

at 2400oF) is achieved by adding 77 Ti at the expense of some reduction in 

hot strength above 1500°F. 

..-...—.. À. 



Table 1-Jl is taken front Kloppt* ^ and includes virtually all 

the data available at the time, Figtres 1*4 and 1-S present some of the 
(25) 

data of Klopp, et. al. ' in graphitai form. Figures 1-6 and 1-7 present 

the data of Michael^' in terms of moral recession. Figures 1-8, 1-9 and 

1-10 relate to Nb-Ta and modified Nb-li alloys, again from Michael. Table 

1-I1I shows the variation in the oxide structure with temperature for the 

Nb-JOTa alloy, and Figure 1-11 shows the air oxidation of a number of Nb- 

base alloys. Figure 1-1? shows the oxidation behavior of a number of 

Nb-tr alloys, from Karrett and Flauss0 \ At chromium concentrations greater 

than about 9 at.'Tr, the formation of H-Nb 0 was promoted. Figure 1-13 
(20) ^ ’ 

is token from Klopp ‘ and shows the effect of chromium on the oxidation. 

It is not entirely clear whose data these are, hut they are probably those 

of Klopp, et, al. Figure 1-14 shows the effect of molybdenum. Again 

the original source is probably Klopp, et. al.Figures 1-15-1-18 

similarly show data for N'b-Ti , Nb-V, Fb-W and Nb-Zr alloys. 

Table 1-1V shows the contamination rates for some binary alloys 
t2?) 

from Sims. et. al. , and Figure 1-19 compares the hardening of unalloyed 

Nb with that of two allots. 

fable 1-V, also from K’jppi20' lists data for the oxidation of 

complex niobium alloys in air. Figure 1-20 to 1-30 present the data for a 

number of ternary systems In diagrammatic form. Figure 1-21 compares the 

oxidation of a number of niobium alloys with that of FeCrAl in air at 1000°C. 
137) 

tflodck conducted a most detailed study of the oxidation of 

Nb-W-Ti alloys, the results of which are presented in Figures 1-31 to 1-42 

and Table 1-V! to I-V1I1. Wlodek notes that the oxidation resistance that 

occurs within a critical region in the Nb-Ti-W ternary system suggests 

the formation of a protective compound oxide, which appears to be a ternary 

niobate with a wide stability range, which appears to be miscible with 

^2^5^3- rï"1 solution of TiOj in this prevents spalling by increasing 

the mechanical stability of the niobate, hut if the titanium content is 

too high, the phase Nb 0 'TiO appears at high tungsten levels and the 

phases Nb^O^iiO^ and Tin., at low tungsten levels. These are less desirable. 

At 800 (' the sea 1 e exfol 1 ates and contains flakes of oxygen-contaminated 

metal bounded by M10) faces suggesting that the exfoliation is due to cracking 

in the metal rather than in the oxide or at the oxide/metal interface. 

Molybdenum and vanadium additions reduce this exfoliation, apparently by 

reducing the oxygen contamination oí the metal. Van id 1 urn is the more 

effective, hut unfortunately also reduces the melting, point of the reaction 

products. 

38 ) 
Wlodek also conducted a similar detailed study of the oxidation 

of Nh-Al-V alloys. The results are presented In Figures 1-43 to 1-53 and 

Tables 1-IX to 1-XI. Small amounts of Al ln V improve the oxidation resistance 

of niobium, apparently by stabilizing a protective layer of NbO. As little 

as 37 A1 and 3 V produces a fifty to one hundred fold improvement over 

the oxidation resistance of pure niobium in the temperature range 800- 

1200^0. Further improvements are possible with Ti, Cr, Ni and Fe. The 

ternary alloys exhibit good resistance to oxygen contamination; Ti and Zr 

increase the depth and rate of contamination, 
(39) 

Jahnke compared the oxidation and contamination of a number 

of commercial niobium hase alloys with nickel-base alloys and molybdenum 

alloys as shown in Figure 1-54. 
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Miller and Cox^*" ox^dlxed a nimbi r of binary niobium alloys, 

Nb-U-Tl and Nb-W-V alloys, and quaternary alloys based on Nb-20 at.7, W to 

70 at.7. Ti. The results are presented In Figures 1-55 and 1-56 and In 

Tables 1-X11 to 1-XIV. 
(411 

Mayo, et. al. examined the possibility of forming a pro¬ 

tective double oxide on a niobium alloy, and concluded on the baslsof 

thermal expansion, volume ratio and structure that the most likely candi¬ 

date was CrShO^, and accordingly the oxidation of alloys In the range 

>5 to 50"' Cr was studied at 1100°C. The results are shown In Figure 1-57. 

Interestingly, an alloy of Nb-35’/Cr oxidized more rapidly in air than In 

oxygen (Figure 1-58). 

Smith^ ^ reported results on the oxidation of ternary and 

quaternary alloys based on Nb-Ti. The results are shown in Figures 1-59 

to 1-64 and Tables 1-XV to 1-XVII. 

Argent and Phelpsstudied the oxidation of Nb-Ti and Nb-Mo 

alloys. The results are shown in Figures 1-0j to 1-69 and Tables 1-XVI1I 

to 1-XXI. In Table 1-XXI, r* Nh^ is the same as T-Nb^ in Brauer’s 

notation, and g Nb-H is the same as H-Nb 0 . 

Bacon and Moanfeldt reviewed the reaction of niobium and 

niobium-based alloys with oxygen in some detail, presenting data on oxi¬ 

dation rates, most of which has been presented above. However, they include 

unpublished data by Wlodek, et. al. and this is listed in Table 1-XX1I. 

Data for more complex Nb-Ti base alloys from the same source is shown in 

Table 1-XXV. 

Babitzke and co-workers have been conducting a development pro¬ 

gram for niobium and tantalum base alloys for several years. Table 1-XXV1 

and Figure 1-70 relate to Nb-V al1oysi46\ Figure 1-71 shows results for 

Nb-Hf alloysi47\ Figure 1-72 shows further weight gain data for several 

Nb-V alloys, together with data for Ta-Hf and Ta-V alloys^ \ The 

oxidation rates for the Nb-V alloys are shown in Table 1-XXVII. Figure 

1-73 shows data for Nb-10 vt.7 Ti alloys with addlticnsof oxide, borides 

or carbides748*. Table 1-XXVIII expresses the results as oxidation rates. 

Table 1-XXIX lists results for a number of more complex niobium alloys. 

Some tantalum alloy results are also included *. Figure 1-74 compares 

the oxidation rates of one or two of the better alloys with the pure 

metals. Table 1-XXX lists further data750* and Figures 1-75 and 1-76 

show the oxidation of a further group of alloys751*. Table 1-XXXt shows 

oxidation weight gains for a group of complex allovs in 1 hour tests at 

lOOCPC in air752*. Table XXXT1 shows the oxidation behvior of anothr group 

of niobium and tantalum base alloys in 2 hour tests at 800 and 1000CC in 

air755*. Table l-XXXIII lists the composition andFlgure 1-77 shows the 

oxidation behavior of another group of alloys754*. Table 1-XXXIV and 

Figures 1-78 to 1-81 show the effect of boron on the oxidation behavior 

of a group of Nb-W-llf alloys755*. 

Chang756* conducted a study of the oxidation behavior of two 

niobium base alloys, designated Cb-1 (Nb-30W-17.r-0.1C) and Cb-2 (Nb-30W- 

2Tl-lZr-0.1C). The nominal composition of Cb-2 actually included 57 Ti, but 

analysis showed there to be only 27 present. The carbon content of both 

alloys is also a little smaller than specified, at around 0.067, and they 

both contain approximately 0.047N and 0.017.0. Table 1-XXXV and Figures 

1.82 to 1.84 present the data. 

Begley, et. al.752* has reported results for the oxidation of a 

group of niobium base alloys. Their data are shown in Table 1-XXX.I. 



471 

l-t' .Imws sunn' tint,« for tin» oxid.ttion .tm! coni uni iwii it>n 

of o «roup of . oiraii.Til.il Nl..t.,isi. al lovs , Kik.-n ! rom 1 r,ink ^7' '. 

Net ru 1 1 ** «ndStof,onÍS8' „-vi.•«,..! ¡hr .1,.^10,.,,,.,,, of „.fra.mrv 

n,.,.,1 ponrn.s for „so , ,.mp..r,t tir,.s , ,| i ¡ ,,,, Vi|rimi.. 

a*‘,“r,S °f l0',,,n* . 1.1.1.1 i m|. IlKuro 1.8f, shows thr ox(,l¡„¡,.n t„PS ,f 

a mimbor of unro.-itrd «uhstro,«- a lloví ¡it IMIOT fH7! u and 11,.,.1,. UK7 

Shows th.. ox i Hut i on hehivior of ,1..- most oxida, ion r.-sis,.,.,, ,1,utile 

niohlon. a 1 lovs at the save tapera ture. Kip.ure 1-88 presen,« oxidation 

curves for ,. 'n-r.Al allov. 
, r. 81 

(orille and hoodspeed conducted an extensive prop,ram designed 

to develop i. fahrl.ahle.voderntetv oxida,ion resistant allov for appli¬ 

cation as a H add in« or a Hack-up for primar-, pro.ective coat in«« for hi«»,- 

St renpth niobium allov .urMue blades. The ,ar«et time was up ,„ 50 hr at 

temperatures of :700 r np.v. 0. An analvsls suRxested tha, the maximum 

permissible oxidation rates at 7000 and 7700"K (1083 and 170(, ( t vere 5.0 

and 4.0 mi Is/hour* respect ivelv. Tlie best oxidation resistance was 

demonstrated for Nh.15Ti.10Ta-10W.7Hf.3Al allov. designated 8-1. with 

surface recession rate of «o„«hlv 7.5 and 1.5 mils/hnur1'2 at 7200 and 

..’OOO Kt respect ivelv. The surface oxide formed In flowing air at tempera¬ 

tures through 7400 r (131(, T) was qui,., adherent although some spalling 

ore -irr...! on cooling below 1500 i (816 ( ,. Figure 1.89 .how. the oxidation 

of ft-1 at various temperatures, and Figure 1-80 shows the oxygen penetration 

.ml surface recession rates at 2000 and 7700'F. Figure 1-91 compares the 

oxidation of p-1 with that of pure Nh and B-8« type alloys. 

rahie Î-XXXV:I lists the compositions of the first series of 

experiment ,1 alloys, and Table l-XXXVHI gives their oxidation behavior 

•it 7700 F. Figures 1-9? through 1-101 present the data in graphical form. 

- « !e I-,. .,.,1.- shows the calculated rate constants and Figures 1-102 and 

1-103 compare the weight gain and surface recession data for the alloys. 

The scale on all these alloys consisted of two layers—an outer 

vellow to brown porous laver which spalled on cooling, and a darker, 

denser and strongly adherent inner scale. Both gave similar x-ray 

patterns, which were identified as "h-^-Tm, with a small amount of Nbn 

and ‘.'ho) present. 

Table 1-X1 shows the composition of the second series of allovs. 

and Table 1-XU lists the oxidation data. Table 1-XM1 lists the kinetic 

rate constants. Figure 1-104 and 1-105 show the weight gain and surface 

recession of these allovs at 2700T. Table 1-XI.1H and Figure 1-10(, show 

the effect of a 1 hour preoxidat ion on the weight gain behavior. Final U, 

Figure 1-107 compares the weight gain data for the B-l alloy with several 

modifications of U'r.3015. 

Kolski* studied the oxidation of Sh-lOTi in the temperature 

range 500-1700 ( for times of the order of 25-700 hours. At 700 f the 

reaction Is relatively slow for 15-20 hours, but then accelerates to a 

rapid rate. At (,00'r there is a relatively mild breakaway after 

approximately 70 hours. The stales formed at 800'C or higher consisted 

of a solid solution of TiO? in Nb^. Figures 1-108 to 1-110 show the 

klnetics. 

leiten 1 studied the oxidation of Nb.25wt.7Ti (39at ''Til 

in oxygen and air. At 1000c, the kinetics were linear in air,‘the rate 

constant depending on pressure to the power 0.4; in oxygen the kinetics 

were parabolic after 8 hours, and were less dependent on the oxvgen 

pressure. The external oxide layer at the oxide/metal interface 



confuted of TIO, ,nd mo^SNb^; ,t the clde/oxvRen Interface Tin . 

Nb2°5 was I'flvinK been formed by the «olid state reaction of the 

other two phases. In a second paper**7' the oxidation of the alloy was 

studied at temperatures between *50 and 1000 (:. Relow ROOT the rate was 

parabolic it, either air or oxygen. Ki*ures 1-111 to 1-114 show the kinetic 
resn11 s. 

Kolski*'1'” also studied the oxidation of Nb-10 Mo in the tempera¬ 

ture range 400 to 1200T in oxygen at 1 atm for times ranging from 

to 200 hours. in the range 450 to 550T there is a breakaway to a 

cat atrophic oxidation rate, as for pure Nh. Figures 1-115 to 1-11,H 

present the results. 

lavlor and Stringer 4) oxidired Nb-5.5at. '.Mo single crystals in 

the temperature range 530-1100 < . Figure 1-110 compares the rates in their 

investigation with those of Folski'*1' and Phelps*43'. At 750 c severe 

cracking of the metal was encountered, along HOO) planes and apparently 

associated with N'bO,, suhoxide platelets. 

Brent nal 1, et. al. have attempted to develop ductile, rela¬ 

tively oxidation-resistant niobium-hase alloys which may then be strengthened 

by tungsten wires; the composite is finally coated. The program goal was 

200 hours at 2.00 i (1204 C) and tests were conducted up to 2400 F (13UTC) 

for Ifi hours, figure l-ij0 s|lows t|le general oxidation behavior of a number 

of niebium-base alloys Table 1-XUV summarlres the oxidation 

rate of a number of oxidation-resistant niobium alloys. I„ addition to 

oxidation tests, some specimens were hot-corrosion tested in a crucible 

containing 95-'. N’.^, 57 Nad at 1650T (899T) for 18 hours. Table 

1-XLV shows the alloys tested in the program. The alloys designated S 

and T are titanium-modified versions of WC-3015. Tables 1-XIV to 1 L 

autnmarize the results of the oxidation tests and these are also presented 

in Figure 1-121. Table 1-U summarizes the results of the crucible 
tests. 

In a later report on the same contract, Klein, et. al.f66) 

studied the oxidation of a composite of the J-allov with tungsten wires 

observing the time taken for the first oxidation of one of the wires to 

take place. The results are shown in Figure 1-122, and the estimated oxida¬ 

tion life of the composite Is .shown In Figure 1-123. 

Schelrer**7' also reported results of an Investigation aimed at 

developing an oxidation-resistant cladding material for use over a strong 

core, the whole being coated. The core material selected was Cb-132M 

(Nb-20Ta-l5W-5Mo-l.52r-0.1210170) Two cladding alloys were selected on the 

».sis of preliminary testing of oxidation resistance and fabrlc.billty of 

ter, candidates; Nb.15Ti-lOTa.l0W-2Hf.3Al (Alloy 7M) and Nb.5W.3CHf-3Tl.3Re 

<Alloy 10). Both of these alloy, „ere capable of preventing rapid oxidation 

of the enre alloy at 2200T (1206°C) for time, in excess of 64 hours. 

Table l-Ut lists the candidate alloys, and Table UUI1 the oxidation data. 

Roche and Graham attempted to develop alloys having good 

strength and oxidation resistance for use as blading alloys. The aim was 

to produce an alloy with oxidation resistance equivalent to that of 

TD Nickel at 2000«F (1097T), 1,.., about 1 to 2-mils loss per side in 

10C hours. Two alloy systems were selected for study: Nb-10.25ZW-l5-307,Ta 

and Nb-10-257W-2-357.Hf. the Nb-W-Ta alloys were heavily oxidized, a 0.10- 

inch-thlck specimen being completely penetrated within 20 hours at 2000«F 

However, the Nb-W-Hf alloys with moderate amount, of tungsten and fairly ’ 

large amounts of hafnium were much better, containing unaffected metal 

even after 65 hours in flowing air at 2000"F. A base of Nb-15w-35Hf was 
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seleitfd and the effect of further addition« studied. T1, Ci, A1, and V all 

enhanced the oxidation resistance, hut at the expense of other properties. 

The data are presented in Figures 1.U4 to 1-126 and in Tables 1-UV to 

1-llX. 

Vasllveva and Prokoshl<iníí’,,' studied the oxidation of ternary 

Nh-Ta-Mo allovs at 1000, 1100 and 1200 C, Table 1-IJC shows the resultsj 

the high temperature form of N’h 0 was the only oxide detected. 
(70r 5 

Rapp and Goldberg studied the oxidation of Nb-Zr and Sb-Zr- 

Re alloys in oxvpen at 1000°C. For allovs with 10 at."7 Zr, the high 

temperature form of Wils the only oxide detected, for allovs with 20, 

10 and 40 at.T. Zr, Zr02 , Nh^ and NbO^ . bZrl^ were identified. These 

slloys also showed evidence of internal oxidation of the zirconium to 

form ZrO^. Rhenium additions of 5 at.7. Re resulted In Improved scale 

adhesion and a decrease in scallnp rate. 

Stkka and Rosa^^ studied the oxidation of Nb-10 at.X W In 

the temperature ranse 900-1200=0. 10'' W reduces the oxidation rate at 

1000 to 1200 C fsee Table 1-1.XT1 but at 900*C the oxidation is catastrophic, 
(72) 

Rosa and Then oxidized Nb-10 at.7, Cr in the temperature ranpe 

900-1100”C. The rate is less than pure Nh at 1000 and 1100'C, but faster 

at 900°C (Table 1-LXII). 
(73) 

Felten has conducted a detailed study of the oxidation of 

the commercial alloy Cb-132 (Nb-20Ta-15W-5«o) In the temperature range 

550-1316”C. Between 550 and 650'C dissolution of oxvgen without the 

formation of a significant amount of surface scale was observed. Between 

650 and 900 C there is an initial slow reaction followed by a more rapid 

linear rate. Above 900°C the oxidation curves are parabolic over a sub¬ 

stantial part of their length, and the outer scale is dense and adherent. 

Figures 1-127 to 1-130 and Tables 1-UtllI to 1-I.XV present the results. 
(74) 

Tavassoli examined the oxidation of WC3015 containing 

4.67, Ti at 2400'F (1316^0) and compared it to Ch752. kT3015 oxidized 

in a parabolic manner, hut for the first 30 minutes it oxidized more 

quickly than Cb752. Although in the long term, the oxidation would be 

slower, this was not useful for re-entry vehicles or for thin sheet 

components. Flkingtin and McDonald disagreed with this observation, 

noting that in a5-min exposure at 2600”F a 20-mll sheet specimen of Cb752 

was completely oxygen-contaminated, whereas oxygen had only penetrated 

about halfway into the WC3015 sheet. 
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Tam# i.i. Noalnai Chraical Coap- 
oaltion of Coluablua Alloya. 
(froa Frank <a*)). 

alloy 
Pf tt»>t low 

MSR 
M-5 
Ml-« 

Origin«! 
|nvr»tigntor 

■Inn! Concomí ion 
n/o_ 

Ta III Zr 

Cb-lZr 
arb-z»i 
rs-«s 
Cb* 752 
Cb-753 
C-103 
C-12*f 
•-33 
• -M 
0-14 
0-3« 
0-43 

r-4« 
lOC-ll 

AS-30 
AS-35 
Cb-1 
Cb-2 
•-•• 
VAM-79 
Cb-132 
Cb -13211 

SV-1« 
SU-31 

fawatrwl 
Fanatvr1 
Union Carbide 
Union Carbide 
«ab Chang Boeing 
•ah Chang 'Boeing 
Brailnghouee 
Beat tnghouae 
Dufont 
DuPont 
DuPont 

General Electric 
Pratt 4 Bhttney 

General Electric 
General Electric 
General Electric 
General Electric 
BeatInghouae 
BeatInghoute 
Pratt 4 Whitney 
Pratt 4 Bhltney 

Inperial Metal Ind. 
Inperla! Metal lad. 

UT 

Bal 
•al 
•al 
Bal 
•al 
Bal 
Bal 
Bal 
•al 
•al 
•al 
•al 

Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
•al 

Bal 
Bal 

•di 
•al 
•di 

10 
10 
10 

10 

15 

20 
5 

30 
30 
2d 
23 
15 
15 

11 
17 

10 
S 

1«. 5 

C Indlcatea conmerctal;' PP, pilot product! 

10 
2« 

so 
so 

10 
10 

<•> 

1 
2.5 
1.25 
0.7 

1 
5 
5 
1 

1 
1 

1 
1 
1 
1 

S.S 

s.o - 
s.s • 

l.S 
1.2 
0.S 

1 
(0. ST) 

10 

0.005 
0.00« 
0.004 
0.004 
0.005 
0.015 
0.015 
0.006 
0.006 
0 006 
0.006 
0.1 

100 
100 

eo 
60 

100 
225 
223 
120 
120 
100 
100 

100 

50 
100 
50 
•0 
75 

150 
150 
60 
60 
40 
40 
40 

0.05/0.1 300 100 
0.1 150 100 

CO.ST) 

D, devalopawnt. 

0.1 
0.06 
0.06 
0.06 
0.067 
0.067 
0.004 
0.13 

0.00 
0.1 

0.034 
0.02« 
0.1 

100 
200 
100 
100 
30 
50 

100 
00 

250 
200 

100 
250 
300 
300 

40 
50 
40 
40 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

PP 
PP 

• 
D 
D 
0 
0 
• 
D 

PP 

Toblo X.II. Oxldotlon rotos of 
coluablua snd coluablua binary 
alloys ln alr. (Klopp <*°>). 

Alloy Composition. 
•alance _ 

Columbiurm*) ¢00 C 

At. *¡o WT% (1110 F) 

100 Cb - 7.2 

Oxidation Pate, rn^/cm^/hf 

800 C 1000 C Iojo c 
(H70F) (1830 F) (2000 F)(b) 

1200 C 
(2130 F) Reference 

2Î.7 68,4 74 1 

0.2 AI 

10 
6.(/1 
2 
6 
20 
0. 2/1 

1.()/4 

3 8(/4 
7 0/4 
10./4 

16.36 

7.6 
8.0 
7.1 

39.2 |9. g 

37.2 22.6 

4«2 19.4 

19.1 
20 
19.7 
22 
27 
51 

<44 
41 

4.6 

100 
96 
90 

*6 

76 

22 
22 
22 

1 

1 

1 

19 
19 
19 
19 
19 
23 

S- * 39. 3 i». 9 

*• * 27. 8 20.2 

*•0 »0. 3 15.1 

22 
22 
22 

r.2 Be 
*•«. 
6./4 

8. f 27.6 24.0 
••9 31.1 21.6 

*• * 40.6 18.0 

22 
22 
22 
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Tabla l.II. (Continuad). 

Alloy Compoiilion. 
Balance 

Colurnbi.in/1) 

Al. % Wl % 

__ Omilaiion Rate, mg/cm^/hr_ 

600 C «00 C 1000 C 1090 C 1200 C 
(1110 F) (1470 f) (1830 F) (2000 (•/>>) (21'JO F) Reference 

ICi 

i(0 

1S.T«»> 
2(^0 
2l(0 
1 

10 

20 
0.4«(<l) 
1 icM 
2. Cl(4) 
3. Il(<4 
i. 10(4) 

«.* 

3.4 
3.0 
1.3 
0.Í 

0.1 

29.8 33.1 
24.2 28.1 
24.4 26.2 
8.1 6 1 
0.4 22.3 

180 

11.1 
17.4 
19.8 
34 
32 
36.8 

>48 
1.2 
8.1 

69 
64 
97 
96 
80 

1 Cu 
2 
2 9l<<0 

88 
43 
34 

0.2 Co 
1.0 
8.0 
10 

20 Co 
1 
2 
4.3(4 

8.2 40.1 
3.7 41.9 
6. > 39.2 

43.6 
37.6 
38.8 

47 
28 
27 

>48 
>48 

«0.1 FeW 
0.4(4 
1.9(4 
30 
1 
2 
3.84(4 
7.68 S 

6.6 32.0 
7.0 40.6 
6.8 22.0 

38.6 
28.0 
28.0 

47 
40 
28 
36.2 

98 
80 
86 

103 
77 
82 

• • 

108 
100 
40 

22 
22 
22 
22 
22 
24 

1 
1 
1 

19 
19 
19 
19 
19 
23 

19 
19 
19 

22 
22 
22 

1 

1 
19 
19 
19 

22 
22 
22 

1 
19 
19 
19 
23 

1 Ce 
2 
6 
10.4(4 

1 U 
3 
6 
10 
28. I<4 

0.2 Mn 

8(4 

1 Mo 
3.8 
6 
7.6 
10 
36 
S 
10 
30 
1 
5 
6 
10 
34.8(4 
4.88 

<0. i n<4 
0.8(4 
3.à«0 

7.8 
4.3 
4.6 

1.7 

0.3 

0.4 
3.0 

40.0 
38.0 
39.3 

13.0 

3.1 

1.9 
3.8 

7.3 
8.9 
6.1 

87.3 
36.8 

31.8 

86 
64 
46 
63 

64 
87 
86 
61 
43 

31.8 
33.1 
23.9 

13.3 
4.6 
6.0 
3.0 
4.6 

42.6 

84 
38 
44 
88 
24(8) 
8.2 

« 

30.3 
88.8 

46.3 

120 19 
163 19 
138 19 
93 19 

101 
111 
93 
82 
88 

19 
19 
19 
19 
19 

22 
22 
22 

31.8 
21.6 
18.6 
14.6 

99 
104 
103 
89(8) 
46(8) 

22 
25 
25 
25 
25 
22 

1 
1 
1 

19 
19 
19 
19 
19 
23 

22 
22 
22 

MllÉâHMIMIMHiftlÉilMHi 4M l-. 



Tabla l.II. (Continuad) 

4"(. 

Alloy Composition, 
(alance 

Colmnhuim(J) 

Al. Hi Wl<i. 
600 C 

(aïoF) 
800 C 

(1470 F) 

Oxidation Raie, mn/cm^/hr 
1000 C 

(1830 F) 
1090 C 

(2000 F)<b) 
1200C 

(2190 F) 

10 Ni 
30 
1 
1.62(d) 
7.6S 

(Ma 
1 
S 
S 
10 
i». 

1 Se 
2 
S 
loi» 

0.1 s.«» 
O.tW 
3.7«0 
2 
7 
20 
1 
2 
S 

10 
24.6(4 

1 Ta 
S 
10 
2S 
1 
S 
10 
18 
20 
2S 
30 
36 
40 
60 
60 
10 

»0 Ta 
9» 
1 
2 
6 
10 
24.1(4 
2.70 

6.9 
6.1 

10.3 

6.2 
8.4 
7.6 
2.0 

1 Tl 
6 
10 
20 
26 
30 
36 
3 
14 
33 
67 
1 
2 
6 
10 
20.5<4 

6.8 
4.7 
0.2 

0.1 

0.2 

SI 
39.4 
62.4 

7|(0 
31(8) 
34(0 
34(8) 
24(8) 

(<) 

34 
43 
40 
24 

21.4 
46.6 

103.8 

61 
60 
SI 

SO 
31 

66.2 
25.6 
20.3 
61.3 

38 
36 
32 
40 
46 
67.1 

26.0 
18.7 
12,2 
4.8 
3.4 
8.0 
6.0 

46 
34 
36 
34 
23 

>46 
>46 

42 
31 
4.S 

28 
K 
10 
3.8 
1.9 
2.6 
4.2 
S.S 

10 
18 
27 
36 

32 
26 

41 
22 

86 
108 

6t<8> 
24(8) 
Sl<8> 
26(8) 

19.9(8) 

(0 

34 
38 
44 
47 

109 
113 
(0 
63 

102 
87 
84 
71 
99 

48.5 
26.6 
13.6 
13.5 
19.5 

90 
100 
84 
80 
46 

Reference 

1 
1 

19 
19 

24 
19 
19 
19 
19 
19 

19 
19 
19 
19 

22 
22 
22 

1 
1 
1 

19 
19 
19 
19 
19 

22 
22 
22 
22 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 

19 
19 
19 
19 
19 
23 

22 
22 
25 
24 
25 
24 
25 

1 
1 
1 
1 

19 
19 
19 
19 
19 

ate 
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Tabla l.II. (Continued). 

Alloy Composition. 

Mltnte •OxlJjtion Hate, mg/rm^/ht 
Columbium^) 600 C 800 C 1000 C 1000 C 1200 C 

At. % Wt<7o (1110 F) (1470 F) (1830 F) (2000 f/^ (2190 F) Bdeiencc 

1 V 
6 

1.6 
10 
12.5 

16 
11.6 
26 
3 

10 
30 
1 
2 

6 
10 
23. tf11) 
8.24 

3.6 
0.» 

0.1 

0.2 

6.3 13.1 
1.4 6.4 
-* 4.4 
0.1 3.4 

3.0 

•* 4.4 
6.6 

6.1 (26q<h) 

20 
12.6 
0.8 

11.2 
64 
3.2 

30 
24 

>44 

22 
21.6 
18 
18.6 

28.6 
81.6 

(200)*h> 

10 
•3 
11 
64 
86 

22 
25 
24 
25 
24 
24 
24 
25 

1 
1 
1 

19 
19 
19 
19 
19 
23 

1 W 
6 
10 

6.1 41.0 21.2 
3.1 12.3 30 
2.9 11.0 21.2 

10 25 
22.6 2 5 
11.8 25 

12.6 W 
26 

3 
10 
20 
30 
1 
2 
6 
10 
28.1(4) 
2.61 6 

8.3 31.0 

34.0 
94.0 

88 
82 

81 
80 
41 

68 

19.8 

1.3 

8.6 
2.2 
2.2 

130 
91 

102 
104 
80 

24 
22 

1 
1 
1 
1 

19 
19 
19 
19 
19 
23 

1 It 
6 
10 
26 
36 
46 
3 
10 
30 
1 
2 
6 
10 
24.8(4) 

38 
40 
48 
41 
66 
6.10 8 

1.1 
3.8 
0.3 
4.1 
0.2 

64.6 
41.2 
26.2 
10.1 
2.2 

4.8 
3.3 

3.1 

11.0 
136 
62 
21 
18.6 
9.6 

41 
31 
31 
84 
84 

10.1 
9.8 

106.8 

48.6 
40 
38.8 
26 

91 
10 
91 
91 
94 

22 
22 
25 
25 
25 
24 

1 
1 
1 

19 
19 
19 
19 
19 
26 
26 
26 
26 
26 
23 

(*) Compositions aie nominal except where noted. Compositions given originally in wt $ are converted to at. 9*. 
(b) Weight-gam data at 1090 C are entirely from Reference 43 and were conserted (mm metal-loss data using 

the conversion 0.1 cm metal loss equals 400 mg/cm2 weight gain. 

(c) Analyaed <0.1 at. 1I> AU 
(d) Analyzed composition Is given. 
(e) Analyzed <0.1 at. % 8e. 
(I) Estimated composition is given. 

(g) Volaille oxide was noted; weight-gain data probably low. 
(h) Analyzed 0.7 at. £Mn. 
(i) Negative weight gain noted resulting from volatile oxide. 

(i) Analyzed 2.12 at. % Se. 



Tabl« l.III. Data on tho Structuras 

of tba oxidas on coluabiua, 

tantalum, and a Cb-20% Ta alloy. 
(Mlchaal <D). 

Oxidation 
temperature1, ' K Culumluum T.-uitalum Cb-ÏO pi t ra 

alloy 

1000 
1200 
M00 
1000 
1000 
2000 
2200 

’Structures ol tl.e outi r s>-,il. s itti r cuolin,: to room temperature. 
Specimens »ere u*iJi/ul lor 10 hr in air 

Tabla I.IV, Contamination ratas in 
binary columbium alloys 

Alloy Addition 
(Balance Columbium), 

at.»_ 
Nominal Adjusted 

Contamination Rate, 
1G‘* cm* per »ec, at 

100 Cb 

1TI 
BTI 
10 Ti 
It Ti 
20 Ti 
25 Ti 
30 Ti 
35 Ti 

1 Mo 
2.6 Mo 
t Mo 
1.5 Mo 
10 Mo 
25 Mo 

ICr 
5 Ct 
10 Cr 
20 0 
260 
30 Cr 
36 Cr 

IV 
6 V 
1.5 V 
10 V 
12.5 V 
25 V 

IZt 
5Zt 
10 Zi 
25 Zr 
36 Zt 

_ Indicated Tcmpctatine 
«00 C 800 C 1000 C 

0.0865 1.26 

0.9 Ti 
4.6 Ti 
9.0 Ti 
14.0 Ti 
IB. 5 Ti 
23.0 Ti 
28.0 Ti 
32.5 T> 

0.9 Mo 
2.0 Mo 
4.5 Mo 
6.5 Mo 
9.0 Mo 
22.0 Mo 

0.6 Cr 
3.0 Cr 
6.0 a 
11.5 0 
14.5 Cr 
11.6 Cr 
20.5 0 

0.9 V 
4.6 V 
6.6 V 
8.6 V 
11.0 V 
21.6 V 

0.068 
0.013 
0.0062 

0.085 

0.15 
0.025 

0.16 
0.19 

0.098 

1.1 

0.09 

0.022 
0.012 

0.011 

0.019 

0.048 
0.021 

0.035 
0.081 
0.0 

3.0 
0.50 
0.29 

0.0052 0.03 

1.9 

1.5 

0.33 

1.6 
1.5 
0.9 

0.15 

(0.66) 

0.99 
0.51 

0.38 

0.064 
0.023 
0.064 
0.0 

1.5C 

9.« 
1.6 
0.11 

0.24 

0.0058 0.024 0.49 

4.1 

0.14 2.0 (0.029)<*> 

8.0 
9.2 
6.1 

0.92 

0.045 

8.1 
4.2 

0.34 2.2 

0.080 0.13 

3.4 

0.012 
0.066 
0.012 

Contamination Rale, 
lO'* cm* pa »ec, at 

Indicated Temperature 
600 C 800 C I0O0 C 

Alloy Addition 
(Balance Columbium), 
_at.»___. 

Nominal Adjusted 600 C 800 C lOoO C 

8.4 
8.0 

(0.11) 
5.1 

1 w 
6 W 
10W 
25 W 

1 Ta 
6 Ta 
10 Ta 
25 Ta 

0.2 Mn 
1 Mn 
5 Mn 

0.2 Fc 
1 Fe 
6 Fe 

0.2 Co 
1 Co 
6 Co 

0.2 Ni 
INI 
6 Ni 

0.2 AI 
1 Al 
6 AI 

0.2 Si 
l&i 
6 Si 

0.1 Mn 

<0.1 Fe 
0.4 Fe 

1.9 Fe 

<0.1 Ni 
0.5 Ni 
2.3 Ni 

<0.1 Al 

0.1 Si 

0.1 Si 
3.1 Si 

0.12 
0.12 
0.09 
0.0 

0.022 
0.025 
0.51 
0.12 

0.20 
0.13 
0.10 

0.16 
0.099 

0.041 

0.12 
0.11 
0.16 

0.059 
0.022 
0.11 

0.15 
0.13 
0.10 

0.04 
0.034 
0.56 

1.8 
1.8 
2.0 
2.0 

1.1 
1.1 
1.0 
1.3 

1.3 
1.1 
1.6 

1.5 
2.1 
1.1 

2.0 

1.1 
(0.1) 

0.19 
0.39 

0.18 

2.8 
2.9 
0.19 

0.61 
3.2 
3.8 

11.0 
(3.4) 
(1.3) 
6.4 

(11) 
(5.1) 
(6.0) 

(13) 
(1.3) 
(3.0) 

(1« 
(9.¾ 
(1.8) 

(8.5) 
(0.35) 
(2.0) 

(14) 
(1.2) 
(8.2) 

0.41 
20 
18 

(*) Contamination fates, in parentheses arc estimated; oxygen diffused through the centers of these samples. 



479 

Tabla 1-V.oxidation rataa of 

coluablua and conplax coluablua 

alloya In air. 

7STO- 
Btltwtt Columbium 

_ELSl. 
600 C 

jmojx 
•00 c 

1L522XL 

Çhudat^nXtt , mg/çm; 
•00 C 

liâtSoxL 
1000 c 
üiim. 

1090 C 
(¿000 Fl 

"uoo" 
jrniIL 

-HOTT 
(»00 n MHifmf 

7 2 27 7 SB 4 44«) 

2ITI 

Il.lTl^.lAI 
1S.2Ti-14.2A1 
2ST4-1A1 
2S. 4Tt*l). 2AI 
27. ITi -24AI 
SI ITi-l 1A1-2.SCO 
SS.STi-9 0A1 -4.7C» 
25. ITfl5.7Al-ll.SMo 
21 STi-B 49Al-2.S9Mo-S.42ro 
20 2Tt*I 94A1-S. l4Mo-2. IBFo-lO. IBo 
42 5Tf2 S9Al-7.27Mo-4.39Mo 
14 9TflS BAl-4.SMo-ll.2V 
2S. OSTi-10 9A1-2.625( 

2STi-2Co 

S.2T»-4.1Cr«) 
4 ITi-l 0Cr<«) 
lOT»-l7Cr(c) 
10T»-29Cr<c) 
12TI-1 SCr«) 
12 STi-4. 3Cr«) 
16Tf7Cf«> 
16 3T» -7.9Cr 
18 2Ti-2 4Cr«> 
20Ti-2Cr<c) 
2lT»-BCr«) 
2BTi -6Cr«) 
30 2Ti-7. SCr 
SITi-BCr 
S2Tt-lSCr 
4lTi-9Cr 

23Tl-2fo 
16.4TÍ-7 4FO 
SO. 4Tt -6. BSFo 

ST.-SMo 
lOTf 3Mo 
lOTt-SMo 
IOTi-IOMo 
l2Ti-4Mo 
ISTi-SMo 
177. 1.47MO 
17 STi-bMo 
17. BTi-8.9Mo 
2OT1SM0 
2ST1-BM0 
Sl .STi-4. IMo 

16 4Tf7. INi 
2STi-2Ni 
2ST.-SN» 
SO ST1-6.SNÍ 

24T1-1SI 

12.STi-12.STt 
17. SSTi-2.4Tt 
SI.9Ti-2.2Tt 

2.ST1-7.SV 
STi-SV 
lOTi-SV 
10.STi-SV 
ISTi-SV 
I6T1-8.SV 
16 3Ti-B.1V 
17.5Ti-2.SV 
20TfSV 
22.STi-llV 
SO 2T1-7.4SV 

10TÍ-4W 
17. ST1-2.4W 
20Ti-10W 
2STI-10W 
27T1-SW 
SI.9T1-2 2W 

16.ISTi-4.67Xr 
2«.9Tl-4Xr 

Colywibiom -Tittmum -Btoo Alloy 

0 1 0.6 

7T1-SA1 
f. STi-SAl 

19T1-SA1 
2OT1-IOAI 
20Ti-SAl-2Co 
42 Ti -4AI -4Cr 
IST1-SAI-ISM0 

IS. STi-SAl-lMo-2.SFo 
16 Ti -4 Al -SMo -2FO -SB# 
29 T» -1A1 -lOMo-SMn 
lOTi-4Al-4Mo-iV 
lSTi-4Al-15i 

0.16 

9 STl-SCr 

19Tl-SCr 

9. STI-SFt 
19T1-SFO 

9.STÍ-SM0 

IOTi-IOMo 

19Tf SMo 

4.ST1-SN» 

19TÍ-SNI 

9. STl-STt 
19Ti-STt 

9. STi-SV 

9- STi-SW 

19T1-SW 

9. STi-SXr 
19Ti-SZr 

0.08S 

0.08 
0.09 

0 29 

0.10 

0.11 

0.10 
0.16 

0 11 

1.0 

0.72 

5.4 
4.5 

0.22 
0.10 

0.11 

0 10 

0.11 
0.10 
0.16 

0.12 

0.11 
0.10 

0.11 

2.4 
4 2 

12 
S.S 
OB 

0 «2 

9 7 

7 S 
7.1 

5 S 

1.7 

1.1 
0.6t 

1.0 

S.8 

1.6 
2.2 
S.S 

IS 

1.4 
0.94 

1.1 

5.4 

27«> 
12.S 
4 0 

IS.2 
1.9 
2.B«) 
0.4S 
2 4(b) 
2.4(b) 
2.0«) 
1.4«») 
1.7(b) 
2.2«) 

S. 7 

5.5 
s.o 

U 8)U) 
(4-8)0) 
6 1 
S. 9 

(I 2)0) 
SO 
2 S 
2.7 

(1 2)«) 
2. S 
4.9 

(1.4)0) 
(4.0)0) 
(0 9)0» 

5.7 
7.$ 
6.8 

7.1 
SO 
3 4 
3.4 
5.7 
S. 1 
• s 
S. 2 
24 
2.7 
S. I 
• 2 

16 0 
7 6 
S.O 

12.5 

3.0 

7.9 
8.2 
? S 

4. S 
5.5 
4.0 
4.1 
s. s 
s. 1 
6.7 
S.4 
2 8 
9. S 

14.2 

8.4 
2.8 

12.0 

2S.7 
10.9 

1S.S 

2.0 

26.8 

19.0 

IS.8 

19.7 
8.S 

IS. 2 

:2 

1S.6 

21.6 

4«) 

9.6«) 
24«) 

25 

28 
23 
22 
23 
28 
28 
29 
28 
28 
28 
28 
28 
28 

24 

24 
24 
26 
26 
25 
24 
26 
23 
24 
25 
26 
25 
23 
26 
26 
26 

24 
23 
23 
24 
29 
24 
24 
25 
24 
23 
25 
29 
24 
25 
23 

23 
24 
24 
23 

24 

24 
23 
23 

24 
24 
24 
25 
24 
25 
23 
24 
24 
25 
23 

1 
23 
24 

1 
1 

23 

23 
23 
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Tabla l.V.(Continuai). 

HtoLjEâi 
SU 

fcOO c too c 
imon juron iu*n i»>on_ uooo ri 

UOOC 1160 C 

JllimjLüglILJilMi 

I».1C*<<, 

10 7Cr-0 6A1<C* 
11 4Cr->*.IAl 
16 ?Cr-4¿ 9A1 

SCr-U TAI 
IJ. SCr-14 lAl-O.OC* 
22 lCr-4 17A1-1I.7SC« 
2)Cr*2) ÎA1-IS 7Co 
J4 7Cr-12.6Al-2 4Ni 
12 9Cr-¿4 9A1-16 9Ni-l.SW-0.0C« 
4 6Cr -17 2A1-4.7V 
14Cr *19 7Al *14. JV 
21 «Cr*i.4Al-9 9V 
29 SCf *4A1 *11.7 V 
14 7Cr-8 9Al»4 9V*6.0r« 
21 2Cr*ll 9A1-9 7V-2.64r«-S.0W 
IbCr-9 2A1-4.9V-4.6W 
2) 4Cr-9Al-7.9V-2.2W-l.Sr« 
2) 9Cr-l).2Al-10. ITa-SV 
2) tCr-1 >.4A1-10. IT«-#. 12V- 

2. ÎW-l 9r# 
1) 7Cr-26 4A1-1.SW 

2Cr -fcCo 
SCr -2Co 
9Cr-17Co 
9Cr -6Co 
lOCr *29Co 
12Cr-BCo 
l9Cr-9Co 
l9Cr-29Co 
20Cr-12Co 
1 SCr -1 OCotlOMo 
lSCr-10Co-9Mo-SW 
l9Cr-9Ct2Si 
l9Cr-9CO-10W 

2Cr-4Ni 
JCr-27.» 
9Cr-l7Nt 
7 9Cr-0 04Ni<«> 
lGCr-29Ni 
19Cr-9Ni 
20Cr-12Ni 

C«liim»him-Chromium-B««t AllH 

0 9 6.1 

O 61 
lOCr-I9AI 
19Cr-20Al 
SOC r-9 Al 
20Cr-19A1-2C« 
l9Cr-2A1-9CO 
l9Cr -10A1-I9C« 
26Cr-9Al-2N» 
1 OC r • 10 Al • 19N1 - 4W-2C« 
)Cr -8A1 * IV 
lOCr -9A1 -10 V 
19Cr-1A1-4V 
20Cr-2Al-6V 
lOCr - 1A1 -IV-9r# 
19Cr -6A1 -6 V -2Fo -2W 
lOCr -ÎA1-1V-10W 
19Cr -6A1-9V -9W-ir« 
l9Cr -6A1-22. ST«-SV 
19Cr-6A1-22. ST«-SV- 

9W-IF« 
lOCr-10A1-4W 

l.S 

14 

6.1 

10.• 

0.06 
0.0S 
OIS 
O.OS 

0.01 
O.OS 
0 02 

O.OS 

21.0 

S9«> 

(l-O l)(m) 
0-0. !)<"»> 
(0.1 )<m) 

(l-0.l)<m¡ 
O-0.l)<m» 
(1-0. l><m) 
o-o i)<m> 
<0. 

(0.1 
(Ol)(m> 

>44!î! 
n.«M* 
*.|M> 
».ici 

Il«» 
U«*> 
*.lM» 
J.»M) 

»«««1 
»«.IH 

I. JM> 

».»«) 
>.*W) 

ou 
0 14 

t.M 
0.14 
0.0» 

O.IT 

24 

24 
JO 
JO 
JO 
JO 
1 

JO 
JO 
JO 
II 
J1 
J1 
JJ 
JJ 
II 
JJ 
J1 
U 
JJ 

JO 

1 
1 
1 
J 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 

24 
1 
1 
J 

10 OCr^.lSi**1 

O.OCr>U.4T»<*> 

0.4Cr>» >«(<> 
lOCr-IO« 

»Ma 

IMo-IAl 
0 OMo-24 1A1 
14 lMo-41.4A1 

10 7Me->4.1 Al-ICa 
7 . «Mo-22 Ai-20.4Cr 
I« »Mo-ll.4Ai-l.4W 
10 «Mo-14 S Al-7. >Ift.«*W-4.l«a 

2 lMo-2 <Crlc> 
4.2Ma-l «Cri«) 
4.2MO-2 !Cr(<l 
4. 7Mo-10.4Cr(«l 
7.»Mo-IO.tCr(<> 

»Mo-»NI 

SMo-lSl 

»Ma-li.iT« 

l»Ma-ltW 

10V 

»V-4.4A1 

0.72 

0.04 

O. Il 

4.» 

4.4 

0.4 

10Ma< 
20Ma< 

l»Mo' 
lOMa 
20M«. 
l»Ma< 

10A1 
20AI 

CalwnOlwii -Malvb4a««m -Baaa Allaaa 

0.» 2.1 

0.10 1.4 

ItAi-iCa 
IOAl-l»Cr 
1SA1-4W 
14Al-IOZr-4W-ia 

0.10 
0.14 
0.11 
0.10 

0 4» 

0.04 

0.10 

2.4 
1.0 
1.7 
4.1 

l.l 

4.0 

7.4 

i>.4 

14.0 

10.1 

1.0 

J.4 
0.42 
0.00 

0.0» 

0.24 
0.40 

>44«> 

iv-oocf'*» 
2.1V-1.7Cr<c> 
>.0V-0.4Cr<c) 
».IV-0.7Cr<<) 
4.0V-t4.2Cr<<> 

0.1 

0.4» 
0.1* 
0.12 
0.21 
0.0» 

0.7 

0. »!*> 

0.7 
7.7 
1.4 
2.0 
0.54 

0. il 

4.1 
4.4 
4.» 
1.7 

2.4 

1». 4 

1.4 

1.2(0 

1». « 
7.» 
0.7 
0.2 
».0 

0.42 

0.4» 
0.4» 

0. »I 

4 4 

1.0 

><n 

24 

24 

24 
1 

24 

24 
J2 
J2 

32 
J2 
32 
32 

24 
24 
24 
24 
25 

24 

24 

24 

1 

25 

JJ 

24 
24 
24 
24 
24 

IV-»AI 
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Tablé l.V.tContlauad). 

Alloy Commil.t«1*1. KUnc» C»l»m»iy uxc -,uoT iOO c too c 
it+y>n i'”*n i^oori„(^^ri 

UV-¿t.Co 
ITV-UCo 

2 »V-MM« 
2 SV-^Mo 
%V*2 SMo 
%V.^Mo 
• V-» 'Mo 

•V-IIN» 
I0V-SN» 
12V -¿fcNi 
27 V -12N» 

IV-4T« 

low 

20W-2A1 

SW-SMo 
• 2W-*. 2M*-lZr 
7 4W-4 7M«-IZr-f.*Tl 

20W.2S» 
20W-7S» 

SSZr 

12 IZfl.lCrU) 

4SZr *10Ti 
S0Zr-4Ti 

0.21 
0.1» 
0.10 
0 12 

I.» 
2.4 
1.0 
2.0 

0 1» II 

0 .00 7 I 

0 Í0 0.0 

>Tunit<fn^QM H\m 

2.0 no 

0.1» I» 4 
l»W*! 
l»W- 

•IZr 
-IZr-»TI 

C»liimH«n-Z>rco«tnm-Bw Att«M 

0 2 

».2 

0.00 

2.2 

»0 

7 0 

4.1 
4.1 
4.» 
).2 
2.0 

4.1 

102 

»0.» 

21.2 

22.0 

l».0 

»7 0 

2.0 
2.1 

20.1 

>44<«> 
>44«> 

>44»» 

>44W> 
>44«> 

I».» 

IT.» 

»»<«> 

0<i> 
4<f> 

42W) 
4.»W 

»».» 

2.00» 

1 
1 

24 
24 
24 
24 
25 

1 
24 

1 
1 

24 

24 

25 

l 

M<0> *4 
„u, » 

II i 
i 

2S 

24 

24 
24 

24 

10 .r.-.iAi 
iir.-JiAi 
j.r.-.iAi 
12 2r».li lAl-U t.B 
22 2r«.)4 4AI-I 2M. 
11 1SF«-U ÎA1-2 »M0-l*.OC«-O.4C# 
6 2F* -2» «Al-ll ON» 
10 5F«»n.7Al-27. JHi 

• r«*10Co 
UFt -27Co 
2»FfUCo 

2»r«-12Ni 

12 OAl-O 3C« 
12 2Ai -I 1C* 
7 0Cfl.7C* 
U 1S.-0 'L* 
J 4Zf0 rSn 
4 IZr-O ÎTh 

10F4-10A1 
20 F* -«Ai 
24 F#-2 7 Al 
I JF#-iAi-2i 
20 F#-*‘•Ai-»Mo 
10F# -MAI -4Mo-l»C#*lCo 
»F#-IÖA1 -ION» 
9F#-lOAl-2»Ni 

Mfctiuwoo» CoiomQtwff rP*>y /¿liai 

».OlAl-O.SOCop 
J.01A1-0 »ICâ'J1 
4 1 lCr-0.70C*^» 
3. 7CSi -0.47L*W 
3 4;rr-o. msnf.) 
4 0'7.r-0 o! Th'- ) 

0 0) 
0 04 
0 04 
0 00 
0 04 
0 01 
0 00 
0.01 

0 00 
0.20 
0 00 
0 34 

0.0» 
0 1» 
0 04 

20(4) 
1.4(4) 
2.1(4) 

4.1(4) 

G 
C 
G 
G 
r 
G 

35 
35 
35 
35 
35 
35 
35 
35 

1 
1 
1 

36 
36 
36 
36 
36 
36 

ion# !»#•* nommai #«c#pt •h»»# olh#rw»## md»c*t#4. 
Wh#r# both al. % *m4 «t % compo*ilion* *r* |»##n. originai composition «a* roporloé 

(a) C ir,p 
in wt •• 

(b) P*«*# converted from p#rctnt*|# w*;*ht gain# in original »•t#r#ne*. 
(c) Estimated composition bassd on »sight loss during melting 
(d) Pats# converted from Ifc-hour metal loss data in origina, rsfsre-.c#. 

(s) Hats convertsd from 200*hour metal loss data in original refsrencs . M>.rn.Aimbium 
(l) R.I.. b...d on P..C.-.UÍ. ..1«M I.,., .ft.r 100-hour ..poaur. .r. py,. .. c«rp.'*l >» ..l«nli^>. 

(g) Pat# sstimatsd from 10-hour metal loss data in original rsfsrsnc# 
(h) Oxidation tsmp#ratura was 1100 C (2010 F) rather than 1090 C (2000 F). 
(j) Ar.alytsd composition. 
(k) Pats* ar# qualitativ# E “ •acsllsnl, G • good. F - fair. 
(1 ) Pats al 1000 C sstimatsd on basis of 900 C data. 
(m) Pats# ars sstimatsd order of magnitude. 
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Table l.VI. Metal loaa and 
contaalaatlon behaviour. 
(Wlodek (37)). 

Temperature 

•C *F 

KKI3 

I2»M 

ÍM 

111» 

141'7 

2»»» 

22l»l 

¿.iiw» 

2»»» 

Time. 

hr 

5 » 
24 0 

A » 
2» » 

Ä » 

24 » 
A » 

24 » 
2 » 
:» o 

ítócb TTi 2HW. 
mil/kit Ir 

Mtl.il |K|»I|| 

!«.*•% tout 

»;;C i. tOTi 2( »W 
■’.V, iit'l ••ui« 

Mil.il 

liiSN1' •tnt1’ 

fiACb loTi 2U\V 
:iV i’/r. mil i'le 
Mil.il l»i|)llt 

t • Mit ^ 

700» 71 » 2M\V r.íJCI» 7Ti 20W 
■iMii. ntil/viile ;«Mt» IZr, nul -i»li 
Mct.il iHptli Mrt.il iH-jitli 

ttiirt** Itisv' nnitk 

1 0 
:t r, 

I A 
22 " 

1 » 

Il O 
2H l» 

I O 
A o 
I A 
ti " 

I » 
14 » 

/ 
/. 
/ 
/ 

4 1 Nimii ■ 
1 A 
I » 
4 A 

ti o 

4 7 
12 » 

I » Hi » Ntuu-' 

.1 » 21 " 2 A 

2 » 
12 A 

/. 
/. 

IA » 
2M (• 

/ 
/. 

14 • 
/. 
/- 

•%Fur uti.iU"M I ct'lnnibniii t!ir r.itt •! titft.il l-ss .»t 2'••c 22^(. 21'*", ari'l 2*i'*il*F ^ .(l»'»ut I 11 (». .'M'(. m.l i|AmiK l.our 
k Hire. ! Illtlli (It *• |UJUI<I ••M.l tt 1--11 lipalut ts 
* A *-íigM i \|' i'im *ri. pr Sil'li tlui- t • tl.« »• ti i ft <-f M Rf-ti in the eiffit.imin it* .1 /■-ne w is a. tu.. Il \ tu« . , r« r| 

Nomina! atui .iri.ily /r>l 
all<*> C4»nip.>viti->n. ut ', 

Ch Ti W Otlwr 

A5 0 l» o A » 
I» »2 A 65 

70 » lo t> 2o o — 
• 7 10 7 

65 0 7 o 2H (t 
7 0 27 9 — 

60 0 20 0 21 » 
20 3 21 7 — 

67 0 lo 0 20 » ;j o Mo 

TabU 1.V1I. 
oxida phases. 

Tist loo !.r 
t« inp. h t y nu, 

'C mg iui* 

Hito fsp.iiiui): 
Hu mi 

1200 II2* 

Identification of 
(Wlodek <37)). 

filases ldi ut P «1* 

io : 20 N 2 97 Mo 

67 0 10 0 20 0 .1 » V 
9 2 21 C 2 9V 

62 0 1» 0 20 0 3 »V. 
3 0 Fr, 
2 0 Ni 

«S 20 3 2 9V. 

H' MI Sp 
|(NH 

120» 
SOO Hp 

l»on 
1200 

MMI 
1000 

1900 

HIMI 
llkM» 

1200 

WHI 
looo 

1200 
NI«) 

»allii'R 

stilus 
IIS 
20H 

12 n 
2o* 

IN60 

43 9 
107 
2*9 

2» 9 
1*5 

376 
15 S 

1 6 Fr. 
0 9 Ni 

loti» 

»200 

47 A 

221 

Inner «xnle** 

i + CI»,O. TiO, 

» -f CI» 
i 

t 4 Cl. O.TiO, 
X 4 CMj 
* 4 CbO» 
X 
X 4 
X 4 OhO, 1 lí». 
CM>4 TiO, 

CW) 

V 
X 4 CW) 4 

CbCM *) 
* 4 CbO(») 
*' 

CW) 

<)utir «.Mili** 

* 4 CI. o. Tin, 
Cl»/*, ho. 
Cl*o 

CI»/). TiO. 
X 4 Cl» 
X 
0».o. TiO 
X 4 Cl» 
CW) 4 cw>4 
* 4 CW); h 
* 4 
C :».(•, Tid. 
CM)* TiO 

Cl» 

All«>\ mg « letiu ut. ni 

outt r • txnle, wt ' 

W Oti.r 

:»N 2 6 7 3 9 
VS 5 6 9 3 9 
AS A 6 9 3 7 

4M 2 f» 9 1 » 6 
47 9 6 .S 1* N 

•V» 3 3 4 17 1 
52 4 3 2 I A 2 

41 2 1*2 J*o 
41 0 14 4 14 0 

2A o 
/- 
/. 

CM) * 

47 2 7 2 14 2 1 7 Mo 

46 1 f 5 15 2 2 A V 

45 9 6 4 15 2 1 N V 

43 2 7 A 1» 4 2 0 \ . 
2 Ole. 

ii .76 Ni. 

•<)»<!«f Mgrutiis almriil.tiu« 
fcller» . i is the e«iin|»«»utiil --1 the wariahli e«»injM>sitii»n tint raiifis at least 2C6.0. T»0. VV O, i.iCU O. TiO. 2WO*. 

grncrallv rcferrtd t«» as Cb-O* TiO, Wt),. r* is similar lo * hut ri<»l ulmtiial \li an iM.m. rp'i-.us with Cl».0» W(\ 

Teble l.VIII. Oaidatloa kinetice 
of Cb-Tl-W alloys. (Wlodak (37)). 

Ch Ti W OtHrr 

N& K» i 

70 |0 »I 

OS 7 2* 

00 »I SI 

•7 10 SI 3 Mo 

67 10 S) 1V 
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Table 1.IX. Structure end couposltton 
oí oxide pheeex on Cb-Al-V alloy*'- 
(Xlodek <">). 
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Table l.X. Kinetics oi Oxidation 
(Wlodek <3*)>. 
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Tabla I.XII. Noainal coapoattlon 
and oaidatlon taat data lor binary 

nioblua alloys. (Millar and Coa('0))> 
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Table 1.XII1 Coaposltion and oxid¬ 

ation rates in air at 1,200°C ot 

nlobiua-tuncaten-titaniua and nlobluai- 
tungsten-vanadlun alloys. 
(Miller and Cox <40>>. 
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Table 1.X1V. Coapoeitlon and 3-hour 
oxidation ratas at 1,300°C In air 
saturated at rooa teaparature of 
60 : 30 : 20 atóale 1 Nb-W-Tl alloy 
with addition of other eleaents. 
(Miller and Co* <40'). 
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Tabla 1.XVI. Dagraa of oxltfatlon of 
tornary and quatornary alloya. 
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Table l.XVII. Oxidation rata of 
gone complex niobium alloys. 
(Fmith <42>). 

Tabla 1.XVIII. Oxidation rates for 
nloblun alloys exposed in noist air. 
(Argent and Phelpa (43>). 
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Tnble l.XIX. Oxide charactarlttics 
of nlobiun-tltanlua alloya. 
(Argent and Phelpa (43>). 
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Table 1.XX. Oxide characteristics 

of nioblun-molybdenun alloya. 
(Argent and Phelps 
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al ru I it.iniÊiim 

t t 
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/IM..1 U 

tf.n r C|»il 

í%NbiO» 
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c|h1 

4 
cjmI 

aM.iO» tNh|( »1 
4 

cjh! 
itNlitO» 

•4 
cjh! 

/iM.'Oy 

aNIigO* 
4 

/¡NlijOt 
(xNbaC )| 

xM',0» 

/ÍN»'.« »> 

a N 1.,O» 
4 

^Nb|0» 

aNbiO, 

ßSb,(h 

i«NI>:< )» 

t|»i> T»Ug- ) NligOi 

Table 1-XXII. Oxidation rates of binar,’ Nb alloys. (Wlodek et al*45*). 

Alloy addition, 
at %. 

1.0 A1 

5.0 A1 

12.5 A1 

18.0 A1 

75.0 A1 

8.6 Cr 

10.0 Cr 

16.6 Cr 

24.0 Cr 

31.0 Cr 

37.3 Cr 

44.4 Cr 

66.7 Cr 

1.6 Co 

7.6 Co 

14.9 CO 

2.9 Cu 

7.7 Fe 

15.6 Fe 

35.0 Fe 

Oxidation rate, mg/cn^/hr. 

800 

44.1 

39.9 

5.9 

1.9 

2.05 

11.2 

18.1 

5.0 

0.25 

0.20 

0.07 

0.05 

0.30 

53.4 

26.5 

22.6 

35.5 

34.4 

0.12 

1000 120CPC. 

5.0 

1.21 

0.74 

0.23 

0.12 

36.9 

39.7 

1.71 

28.2 

30.0 

11.2 

5.1 

6.2 

0.16 

46.5 

3.23 
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Table 1-XXII. (Continued), Alloy addition 
at 1. 

5.0 Hi 

1.6 Ni 

7.8 Ni 

15.2 Ni 

28.8 Ni 

1.6 Si 

10.0 Si 

2.5 Ta 

5.4 Ta 

11.4 Ta 

18.0 Ta 

33.8 Ta 

53.0 Ta 

10.0 Ti 

17.6 Ti 

25.5 Ti 

37.7 Ti 

40.0 Ti 

44.1 Ti 

51.0 Ti 

61.3 Ti 

66.0 Ti 

20 W 

0.4 Th 

10.0 Th 

12.1 V 

24.8 V 

5.7 Zr 

10.3 Zr 

20.3 Zr 

50.5Zr 

800 

58.6 

22.0 

11.7 

2.8 

>156 

396 

74.5 

88.4 

90.6 

66.8 

21.6 

4.8 

0.67 

0.31 

0.42 

0.21 

0.28 

0.24 

0.18 

0.30 

5 

104 

0.43 

10.8 

33.8 

44.5 

46 

5 

5 

Ok¿dation rate.mg/cmVhr. 

1000 1200 

53.11 

88 

79 

103 

5 

12.9 

18.8 

2.91 

2.23 

3.03 

5.68 

6.35 

5.03 

78.4 

65.3 

48.2 

23.4 

exothermic 

22.6 

33.9 

22.6 

28.5 

23.8 

26.1 

22.9 

22.6 

15.4 

3.9 15.3 

A. 

Wri*M \ M*)V HRRr< IWOV 

2 A l-l*i 
MHS lit Ml 

I0AI-3S T 24 
W.U.VS OMI 

M't-.MI 17«) 

ONi.MI 1110 
»Ni-.Y\I 2M10 

lOTn-’.U 2T.W 
IOTmIOW 17«) 
IOThI’.W 
I0Tn-2*»N' 
20T t *.\N 2v«l 
20T . I0'\ 
20T.I i 
2.'»T»-Hm 
40T. IOW 
20T « 7/i 
ÄT..-7/i 
40T . 7/. 
♦OT - 2/.1 
40T.IZ. 
40T . Mi/- 

¿0 *41 

2*i «» 

il 20 
27 «• 

:n *4i 
7 0S 

I 7>» 
McIIinI 

0 .Tl 
.*»70 

I 11111> 
I 
I V'.IIm iiiii. 

12.VO 

42 10 
Ti «I 

mon 
9 Kl 
OIM 
4 4.*» 
m.n 
4 71 
M2 

Mrltol 
MHtnl 

Table 1.XXIII. Oxidation rate 

(■g/ca^/hr) of columblua-aluailniua 
baae, colunblua-cobalt bate, 

coluDbiuD-nickel baae, and 
colunblua-tantalun baae alloya. 
(Wlodek et al <4S>). 
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Table l.XXIV. Oxidation rate 
(ag/cB3/hr) of columbiun-chromiua 
baae alloy*. (Wlodek et al (48>). 

Al.. cí fiOOT 800V 1000V lOOOV I300*C 

OTr-SAI 
9(’r-3AI 
Wr-lAI 
•C’r-SAI 

12('r-3AI 
12('MAI 
I «1-5 AI 
30( >• lOW 
.TOTrO.'iW 
3lK'r-20\\ 
.XKi-r.W 
.«K't.JIW 

0.308 
2.77 
2. AI 
0.100 
1.23 
0.230 
0.731 
0121 

1.20 
2.25 
238 
I.5A 
240 
1.13 
108 
I 27 
0.1.13 
0.188 
0.544 
0.12.1 
0 0.12 

13.50 
13.10 
15 30 
15.10 
18.20 
13.70 

Table 1. XXVI. Oxidation rates of 
coluabiuai alloys. 
(Babltxke et al <<®>). 

Alloy composition, 
-atomic oercent_ 
100 Cb. 
100 Cb‘ . 
W Cb-1 V. 
»» Cb-1 V1. 
*1 Cb-2 V. 
M Cb-5 V. 
15 Cb-5 V1. 
»0 Cb-10 V. 
*0 Cb-10 V1. 
75 Cb-25 V. 
75 Cb-25 V1. 
50 Cb-50 V. 
75 V-25 Cb. 
«0 V-10 Cb. 
»5 V- 5 Cb. 
•• V- 2 Cb. 
»♦V- 1 Cb. 

100 V. 
Zlrconlux. 
UlMlP-îi ujimiumiiim 

■>qo« <it 

Height gain per 
ess. tlltgrams 

on* r 
9 
5.7 
7 
3.« 
1.0 

.3 

.9 

.3 

.1 

.7 

.2 

.0 

.9 

.4 

.3 

.3 

.4 
1.1 

.4 

hour, 

.829: .g, 
22 
33.7 
14 
4.3 

12 
7 
1.4 
1.9 

.7 
11 
4.1 

34 
44 

1.0 

1,000* Ç, 

24.2 

13.4 
• 

7 
4.4 
4.2 
3.5 

19.3 

13.4 
Jl.t 

H'aluc rejcrted by Sims, Klopp, and Jaffee (22). 



Table XXV. Oxidation rate 

(■g/CB^/hr) of Nb-Ti base alloys. 
(Wiodek et al <**)). 

a>„M •, 
inr* mi 
l\Ti 14» 
1411.41 
TOTi IU4I 
21Ti-*.4t 

JfiTi-M'., 
20T.-HN •. 
JU1V.1IÍ o 
ari i mm . 

IQTi -MM . 
IOTi 41M r 
lATi-im r 
JOT. M r 

JOT. KM r 
JOT. IM r 
JUTiifUTr 
JOT. MM r 

JOTilOTr 
SOTiJfN'r 
40T. ICM r 

IOT.ÄI# 
JOTi-M# 

JlTiSMt 
1ST. 10(• 
SOT. loi r 

jsTi mit- 
SOTi loi r 
401V101» 
It STi-IG ¿I* 
IITiir. si» 
2i at. m m » 

lOT.JOKt 
IUT.2UI. 
IJST. J .lr 
JOTi 
IOTiIONi 
JOTi-ION. 
JOTi-IONi 

lOTi-JON. 
IOT.-JON. 

I0T.-2 AS. 
201 i-J AM. 
lOTi-AS. 
/OT.-A^i 
10T.A>. 
JOTi 10» 

lOT.IOT. 
JATiIOTm 
♦OT. IOTh 
IOTi-JATu 
2AT.JAT« 
»üTi-40t» 

JOTi 5 V 
JOT. AV 
IOTi 101 
JOT.-IOV 
JOT. Mil 
♦OT. 104 
jor.jnii 

AT. 314 

AT. AH 
IOTi :.44 
IAT.-A44 
J01V :.44 
JOT. 44 
AT. 1044 
AT. .*044 
JOTi Jo44 

IOTi 10/r 
JOT. lu/r 
301. Kl/r 
IOTi 20/r 
JUT. JO/r 
Mil. :«•/, 

0 AU 
0411 
0 4110 
0 JMO 
0 JM 

r JMO 
I. 30M 
0 I M2 
0 MM 

0 073 
o or. j 
0 IN" 
0 JI.J 
o I»:. 
0 221. 

0 170 

0214 
0 0G4 
0 100 
0 30.-. 

0 234 
0 IC2 
0 170 
o mo 
0 I7M 
0 144 
0070 
0 120 
00(3 
0 IJ 

0 I t. 
10 GO 

I AI 
045 
I 04 
021 

0 272 

I 07 
0 401 
0 252 
0 400 
0 730 
107* 

0 241 
0 joo 
0 702 
0 75M 
0 327 
3 071 

64 «I “ 

0 7(.0 
0 237 
0 221 « 
0 2 :,0 

II 121 

I 74 

I 14 
I 22 
I 40 
IIIÍII2 

I 12 

Om.2 
II477 * 
(1751 

0 251 
0 0.11 
I 115 
1 00(1 
2 50 
1 21 
0 551 
0 Ml 
123 
4 45 
0 202 

274 

#00 
2 IS 
203 
174 
2 12« 
1 70 
I 25 
0 056 

0 447 
0412 
0 3A2 
0 725 

16 CO • 

0 003 • 
1 21 

25 10 
0 680 

32 60 
530 

3« 60 
704 
3 12 
2 AA 

2 53 
2 21 

I 25 
3 AH 
I 28 

260 
268 

53 30 
42 40 
380(1 
21 54 

Wry r«i>.<l 

27 60 
22 70 
238 
1 51 
2 73 
2 53 

24 60 
S 46 

7 80 
268 
3 10 
3 40 
2 04 
I 40 

0 42 
I I 50 
• 0 
3 82 

IOOM 

2« 50 
15 OH 

6 02 
12 711 • 

0061 
0 061 

20 30 
27 40 
1661 

1 74 • 

7 04 

6 65 

27 30 

10 00 

3560 
28 60 

1030 
16 70 
21 30 

4 64 

2 16 
2SA 

4600 
16 70 
14 00 
43 20 
25 20 

10 20 

7 48 

1260 
21 60 
23 70 
016 

17 70 
1060« 

621 
676 

Tiotk»rin.i 
46 56 
41 40 
4 74* 

Wry rai.itl 

34 OU 
2010 
II 20 
1220 
23 20 
2660 
25 40 
21 70 
I860 

24 70 

27 011 
15 20 
II 70 
4 31 



44| 

in 

Tabla 1.XXVII. Oxidation rataa 

for Nb-V alloya. 
(Babltxko at al <4S>). 

Alloy Composition 
at %. 

weight gain per hour, mg/cm2* 

600°C. 800°C. 1000°C. 

100 Nb 

Nb-5V 

Nb-8V 

Nb-10V 

Nb-12V 

Nb-15V 

Nb-20V 

10.1 

0.3 

undetectable 

0.3 

undetectable 

0.1 

0.2 

18.1 

7 7 

3.1 5.0 

1.9 4.2 

1.7 4.1 

2.2 5.5 

5.0 53.9 

* average taken over a 3 hr. period. 

Tabla 1.XXVIII. Oxidation ratas of 
colunblun-10 at X tltanlua with 

oxidas, borldaa, or carbldas. 
(Babltzka at sl<4*>). 
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Table I.XXIX. Oxidation reaulta of 
coluablun and tantalu» alloya. 
(Babltcke et al 

Alloy c>' ..ugitLon, 
jttf-uc forcent 

100 CJ. 
Cb-5l!f-5W. 
cu-ii'f-io.-;. 
Cb-5:ii-15w. 
Cb-10Hf-iU. 
Cb-lÛUf-lOtf. 
Cb-10Kt'>liU. 
Cb-1MU'-5U. 
Co-liHf-lÛJ. 
Cb-l51l£-15W. 

Cb-lJHf-5IMtl.... 
Cb-lSllf-SV-STl.... 
Cb-l»KÎ-5W-10Ti... 
Cb«!!!;!-!..’-!!!.... 
Cb-lSlIf-Jtf-ÍZr.... 
C’j-iJKt-îW-lOZr... 
Cb-15H£.5W.5Ti-SZr 

Cb-UHI-lOW-m... 
Cb-lSH£-UW-5Tl... 
Cb-liM-lOW-lOTl.. 
Cb-lSHf-’.OW-SZr... 
Cb-U.:£-10U-10Zr.. 

Cb-SV-SW. 
Cb-SV-lOW. 
Cb-iV-lJU. 
Cb-10V-5W. 
cb-iov-ioy. 
Cb-lOV-lSW. 
Cb-liV-SW. 
Cb-llV-lOV. 
Cb-15V-15U. 

Avwiv;o woiglit losd 
r ’/c :: /hr 

U.*': 
il 
76 

21 

U I ,0 '0* c I 

Alloy cor.'.HJjttion, 
atollo porconc 

Si 
236 
136 
163 
196 
176 
16'. 

lo. 
128 

cj-Sv-i . (*2'si. 
Cb-iV-lOW.lOTi.... 
Cb-3V-10'..'-2Zr. 
Cb-SV-lÛV.'-STt-SZr. 

li C6-IOV-3W-2TI. 
! Cb-10V-5W-5Tl. 
' Cb-10V-5;>'-10Ti.... 
Cb-10V-3y-2Zr. 

¡I Cb-10V-5W-5Zr. 
'' Cb-10V-5W-5Ti-5Zr. 

Av^tMgo ivlgla lot», 
^/■nVÃr _ 

At bjA- C At l.tiOO1- C 
J 
8 
9 

U 

2 
6 
6 

34 
19 

14 
22 
78 
44 

26 
19 
10 
30 
99 
43 

3 
2 
4 
4 
3 
6 
4 

7 
5 
3 
6 
9 

13 
11 

7 
30 
27 
20 
20 

31 
26 
8 

33 
30 

30 
41 
76 

30-42 
27 
48 
42 
S3 
38 

Cb-lOV-lOW-ZTi.... 
j Cb-lOV-lOW-STl.... 
Cb-lOV-10w-2Zr. •.. 

100 Te. 
TO-20V. 
T«-30V. 
Ta-40V. 
Ta-50V. 

Ta-20H£. 
To-23H£. 
Ta-30H£. 
To-33H£. 

Ta-20H£-0.007C.... 
To-23H£*0.007C*••• 
Ta-30Hf-0.007C.... 
To-33tif-0.007C.... 

Ta-20H£-0.014C.... 
Ta-25H£-0.014C.... 
Ta-30H£-O.0l4C.... 

S 

31 

8 

29 
13 

24 
10 

26 

17 
24 
33 

223 
70 
43 

112 
113 

66 
41 
37 
29 

37 
13 
24 
28 

43-31 
33 
21 

aJ_:__21 

Table l.XXX. Oxidation data at 
1,000°C for colunbiun and tantalun 
alloya. 
(Babltcke et al (50)). 

Alloy 

1... 
2... 
1... 
4.. . 
3.. . 
7.. . 

8.. . 
9... 

10... 
U... 
12... 

Alloy 
yww.lttpn_ 

Cb- 50' i........ 
Cb-2011(. 
Cb-llHf. 
Cb- 7511(. 
Cb- 10W. 
Cb- 20Hf* 5W. 

Cb-20Hf-5W- 10TI 
Cb-11H(-3H. 
Cb- 33H£- lOU.... 
Cb-llHf- SH- 10TI 
Cb-llHf* 10V.... 

Wi irJ't-iiua 
S,11T1n^^, 1 

25.6 
49.7 
31.7 
6.4 

22.9 
19.7 

6.0 
11.2 
6.7 
6.3 
2.0 

mg/cnr/lir 

19.0 
23.3 
18.7 
13.1 
9.1 

-30 

7.7 
11.3 
7.2 
6.7 

14.3 

komarka 

Linear weight gain. 
Do. 
Do. 
Do. 
Do. 

Weight loaa and «palling oi 
oxide for 2d aanple. 

Linear weight gain. 
Do. 
Do. 
Do. 
Do. 

13... 

14.. . 
13.. . 
16.. . 

17... 

18... 
22... 
12***. 

Ta-20Hf. 

Ta-llHf. 
Ta-75Mf. 
Ta-lOH. 

Ta-20Hf-3H. 

Ta-20H(-5H-10TI 
Ta-33Hf-SZr.... 
T«-2W2H{...... 

-19.9 

4.4 
22.3 
9.6 

•13.4 

■12.2 
9.2 

».*2 

13.9 

13.0 
24.4 
41.1 

13.1 

11.7 
11.0 

Weight loaa for lat jaavle and 
linear weight gain for 2d 
eaavla. 

Linear weight gain. 
Do. 

Oxide apalled laat IS ailnutea 
for 2d aaaple. 

Weight loaa for lat aaavle and 
linear weight gain for 2d 
aanple. 

Do. 
Linear weight gain. 
_Ife._ 



Table l.XMI. Oxidation reaulta 
for nlobiiui-baae alloya in air at 
1000®C (Toda at al 

Carpositlon, at t 

t»>-15Hf-5W-9Tl-iar 

«>-15Hf-5W-an-2Zr 

H>-15Hf-5W-2Zr-2W 

Ifc-15Hf-5W-lZr-4M 

Hj-15Hf-5W-0.5Zr-6Al 

ifc-15Hf-5W-8U 

Jfc-15Hf-5»-8Ti-lZr-4Cr 

(fc-15Hf-5W-8Tl-4Cr 

ffc-15Hf-W-8Tl-2Zr-4Cr 

tto-15Hf-5»-lOTi-2Zr 

H>-15Hf-5W-lOTi-2Zr-lCr 

Ntr-15Hf-5K'lCm-2Zr-2Cr 

Mj-15Hf-5W-lOTi-2Zr-3Cr 

t*)-15Hf-5W-2Zr-lQW 

«j-15Hf-5W-lOTl-2Zr-10M 

tfc-7,9Hf-2.5W-17.6T1-1 .OZr 

t»>-7.9Hf-2.6W-15.BTi-2.1Zr 

ÜJ-B. 5Hf-2.8W-2.2Zr-l .9A1 

M>-lora-10Hf-5W-5MD-lCrri-2Zr 

tfc-lOTa-10Hf-5W-5MD-lOTi-2Zr-0.5C 

!4j-lOTa-lCHf-5W-5ito-10ri-2Zr-l. 5C 

M>-lOTa-10Hf-5W-5MD-iOTl-2Zr-2.5C 

tfc-lOTa-10Hf-5W-5hto-10ri-2Zr- 3. X 

My-10ra-10Hf-5W-5MD*lCfri-2Zr-2V 

tfc-lOTa-lCHf-5W-5M3-lcm-2Zr-2\K>. 5C 

l4)-lOTa-10Hf-5W-5Mo-lOTl-2Zr-2V-l. 5C 

i*>-iara-10l!f-5W-Wto-lOTi-2Zr-2V-2.5C 

tfc-lOTa-10Hf-5V<-5ito*lOTi-2Zr*2V-3.5C 

weight gain, ng/ai^/hr. 

22.2 

21.2 
23.0 

24.6 

20.8 

21.5 
15.5 

IS.9 

13.8 

21.6 
17.1 

20 0 

24.’ 

16.: 

11.3 

18.0 

18.7 

37.9 

15.7 

10.9 

8.4 

11.9 

12.5 

12.0 

10.6 

11.9 

Table 1.XXXII. Coluablun and 
tantalun alloya, oxidation data. 
(Babitake and Croeni (83'). 

«lio» 
«Hoir coapotttion, 

atvtc paterae 

-SH- .. 
.. 
-iU-JlfiAl. 

*iw>22i-aaI-4T t.... 
. 

-W-Hr-AM-ATl-lN. 

ll-5W-«r-*Al-l»-lC.. 

I Weight Min, •j/dr' I Weight te>". 
§ a» i ftfió* r I at BOO* Ç_ 

KSGQi IC9QÍ 
taJoT 
ia licwr 

44-4» 
84-44 
44-4? 
44-48 
44-49 
44-10 
44-14 

Croup 4i 
44-11 
44-12 
44-11 
44-14 

Cfc-llllf-10W-1071-4*1. 
.. 
.. 
Ck-liH!-5W-«f*Al. 
Cb* 11HI.. 
.. 
C6-1V-4A1. 
.. 
.. 
Cb-2tl-2Al-2Ho-2Ci-lC-2»a. 

Cb-16.971-4.42r-l.9e-0.94».... 
¢4-11.271-4.Itr-l.lAI. 
Cb-14.»7l-*.12t-l.«e-1.2A1.... 
¢4-16.271--.4lr-2.44i-l.0Al... 
¢4-11.171-4.^-11.2^. 
¢4-14.471-1.027-14.4Mf-4.Se.. 
¢4-11.071-1.*2r-l4.0HI-4.4W-1.2A1 
¢4-14.271-1.»Ir-ll.lMf-1.1*1... 
¢4-14.111-1.227-11.401-1.49.... 
¢4-14.271-4.227-1.19-1.00. 
¢6-11... 

44-11 I7»-20IU-; 
•et • BãlãbÕ la» 

Ta-?0Hf-4A1.... 
7a-10Hl-4Al.... 
Ta-20Hf-ie. 
7a-20Hf-ie-4Al. 
7»-»0IU-19-4*1■ 

11 
10 
14 
9 
0 
• 

II 
4 
2 

14 
18 

21 
II 
I 

48 
11 
9 

II 
41 

9 
10 
2 

14 
It 
8 
4 

It 
11 

» 
6 

6 
et 

ML1 
28 
20 
11 
11 
12 
11 
0 
10 
22 
26 

I» 
et 
11 
11 
12 
89 
11 
11 
14 
89 

14 
14 
14 
11 
It 
10 
9 

20 
11 
» 

11 

t 
et 
et 

et 

et 
et 
I 
I 
1 
I 

1 
i 

et 
et 
I 

24 
II 
10 
8 

2 
81 

et 
JSl- 

2 
M 
11 
14 
0 

8 
7 

11 
9 

et 
7 

et 
1 

et 
1 

H 

t 
et 
et 

JÜL. 



Table 1-XXXIII. Caqxisitions of tlie alloys whose oxidation behaviour is 

shaftr. in Figure 1.77 (liabitzke et al (54)), 

(Alloy cmvosltioi 

Alloy Ccrpoaition 

Group I: 
1 . Cb-IN-5W-3V-5Hf 

2 . Cfc-rN-5K-5V-5Hf 

3 . a^IN-5W-3V-10llf 

4 . Cb-IU-5W-5V-10i:f 

5 . Cfc-IN-SW'-lEl-SHf 

6 . Ci>-IN-5W-3Cr-5llf 

7 . Clr-15Hf-5W-4S i 

8 . CW5Hf-5W-4Sl-lW 

9 . Cb-15llf-5V^2Si-2Al 

10 . Cl-15Hf-5V.I-27r-4Al-lC 

11 . Cb-15IIf-5Vi-2Zr-lC 

12 . CW5Hf-22r-4V-lC 

13 . Cb-lCTi-4Al-0.1Cu-2W 

14 . Cb-14.6Tl-3.9Zr-13.3Hf-3 

15 . Cb-14.8Ti-3.9Zr-T3.4Hf-3 

18 . Cb-69Fe 

Group 2: 

19 . Cb-5Zr-5V.’ 

20 . Cb-10Zr-5W 

21 . Or-lSZr-SW 

22 . <33-20Zr-5K 

23 . Cb-33Zr-5W 

in atonic i*roent). 

Alloy Carpos it ion 

Group 3i 
13a. Qj-15Hf-5W 

24 . Cb-15Hf-5W-0.1C 

25 . Cb-lSHf-SW-0.5C 

26 . Cb-15Hf-5W-1.0C 

27 . Cb-15Hf-5W-0.lN 

21’. Cb-151lf-5W-0.5N 

29. O^lSHf-SVi-l.OK 

?0. Cb-151lf-5W-0.lt 

31 . Cb-15!lf-5W-0.5B 

32 . Cb-15Hf-5W-l.OB 

5A1-0.7N 

4SI 

Groups 4: 

16 . Ta-5W-5Mo 

17 . Ta-15Hf-5W-2Re 

Noninal values are used throughout the paper. 

Table 1.XXXIV. Tables of a sign¬ 

ificant means from oxidation data. 
(Rmbitzke et al 

om ISHf Ovt r.i 11 
•oran, at pet: 
0. 
2. 
5. 
10. 

Overall. 

Teap, * C: 
1,000. 
1,200. 

Overa 11. 

Teap, * C: 
1,000. 
1,200. 

Overall. 

Tl», nin: 
30. 
60. 
90. 
120. 

Overall. 

Korun, at pet: 
0. 
2. 
5. 
10. 

Overall. 

Teap, * C: 
1.000. 
1,200. 

Overall... 

Tiae, ain: 
30. 
60. 
90. 
120. 

Overall..... 

leap, * C: 
1,000. 
1,200. 

* * *.«. 

46.2500 
52.7083 
65.7500 
61.4167 
61.5312 

41.4167 
81.6458 
61.5312 

36.8056 
52.4722 
44.6368 

23.8889 
38.6667 
31.9444 
64.0556 
44.6188 

70.2500 
72.8333 

102.7917 
112.0000 
89.4687 

79.1230 
99.8124 
89.4687 

44.7083 
77.5000 

105.8333 
129.8333 
89,4687. 

L2ilL_ 

22.0278 
37.9722 

¿9*2929. 

43.4383 
48.9167 
75.2083 
86.4383 
64.0104 

43.5417 
84.4792 

28 

34.7778 
60.0556 
47.4166 

25.1667 
41.2222 
55.2778 
68.0000 
47.4166 

!w 

42.2063 
40.6230 
61.1667 
61.9383 
51.4895 

35.8936 
67.0833 

5 
3D 

51^4895^ 
- 10B 

43.0556 
91.6944 
67.3750 

34.6111 
59.0556 
79.7778 
96.0556 
67.3750 

32.3750 
36.4383 
33.3833 
60.2300 
46.6666 

24.3625 
22.1041 
46.6666 

23.8333 
40.2063 
34.6250 
66.0000 
46.6656 

JfeOmÜL 

35.1667 
67.0833 
¿him. 

46.5000 
106.7222 
76.6111 

36.3333 
65.5556 
91.5556 

113.0000 

10W 

31.2917 
30.9583 
43.7500 
57.5833 
40.8958 

17.1666 
23.7292 
40.8938 

21.4383 
35.6667 
48.4583 
58.0000 
40.8936 

46.7300 
92.3278 
69,6188 

win 

57.1944 
113.3611 
JQjUZL. 

44.6388 
47.4166 
67.3750 
76.6111 
39.0103 

40.2847 
77.7361 

.OltV. _59¿ 
Overall 

40.2847 
77.7361 
59.0103 

29.9999 
51.1250 
69.6388 
85.2777 
59.0103 
Overa IT 

44.6388 
47.4166 
67.3750 
76.6111 
59.0103 

40.2847 
77.7361 
59.0104 

29.9999 
51.1250 
68.6388 
85.2777 

40.2847 
77.7361 



Tabl« l.XXXV. Oxidation data of 
Cb-baao «Hoya. (Chane • 

« 

••lebt «aU 
Daytb at 
Hardaala« 
Mlla/Sida 

CW-CCT 

Matal Uaa 
Mlla/SIda 

can-cw 

USD 1 
s 
• 

IS 
1« 
s« 
84 

«.# S.S 
S3.B S.S 
S3.1 IS.« 

SD1.4 SS.« 
313.8 SS.S 
300.« SS.« 

- 30.3 

lf « 
SS IS 
3S IT 
3S SO 

3S SO 

0.3 0 
1.4 0 
T.S 1 

SS.S l.S 

03.S 1.0 

S100 1 
3 
s 

IS 
84 
SO 

100 

IS.« 11.3 
ST.S 10.1 
40.« 34.S 
T4.S 40.0 
SS.T 00.4 

1S0.S os.s 
8S0.1 133.S 

SS IS 
33 IS 
40 S1 
S3 SO 
OS 38 

> OT 31 
> SS ST 

1.3 0.13 
3.0 1.0 
4.3 3.0 
0.0 3.3 
0.0 4.0 

IT.« T.l 
ST.« 10.« 

1 
3 
0 

1« 
34 

3S.4 30.0 
ST.4 S1.0 

13T.8 IIS.4 
330.0 144.S 
313.0 100.0 

30 IS 
4S SS 
TO 30 

>01 40 
> TS SS 

S.S l.S 
S.S 3.4 

13.0 «.3 
34.4 11.3 
40.0 18.4 

Tablar 1.XXXVI. Wolfht gain data for 
Cb alloys oxidised at 109S°C. 
(2000°F). (Begley et al <s7>). 

_Cg*uletl*eWeljh*Oej«J«i^cm^ 

Alley 
CempetiHon 

m/o 0.5 

Time o» Teapsietufs (Hn. ) 

1 t.S 2.5 

VAM-76 

VAM-77 

VAM-78 

VAM-79 

VAM-SO 

VAM-dl 

VAM.82 

VAM-83 

VAM-B4 

VAM-8S 

VAM-86 

76Cb-22W-2M( 

80Cb-l8W-2H( 

76Cb*22W-2H(-. OC 

74Cb-22W-2Hf-.067C 

70Cb-28W-2W067C 

76Cb-22W-2Hf-. IS7C 

76Cb-22W-2Hf.. 0J4C-. 03TN 

76Cb-20W-JHf-2Se-. 03C 

70Cb-27W-2HI-éTo- OC 

77Cb-22W-1M(-.0é7C 
68Cb-24W-4*a-2H(-. 047C 

10.87 

11.44 

0.98 

0.22 

0.38 

15.74 

15.30 

14.45 

0.5« 

17.74 

21.50 

23.00 

21.OS 

14«. 80 

SS. 80 

17.42 

25.04 

21.45 

22.41 

21.70 

29.54 

34.25 

31.15 

27.95 

43.20 

52.50 

40.01 

35.40 

55.31 

49.78 

48.25 

42.75 

45.48 

82.32 

54.51 

52.25 

24.22 

33.81 

27.44 

29.82 

30. SS 

41.09 

K 34 

37.74 

33.00 

34.31 

51.15 

38.77 

43.34 

38.30 

41. 14 

40.29 

43.54 

48.74 

41.95 



Tabla 1.XXXVII. Noalaal coaposltlon 

of sarlea A Cb Alloya. (w/o). 
(Córala and Coodapaad 

Tabla 1.XXXV1II. Oxidation data 
for sarlaa A Alloya at 2200°F. 

(Córale and Goodspeed <59>). 

Alloy No. 
(Cowp- ' 

2 
Waighl ooîn (m^em ) Surface Recess ion (mils) Oxyaan Penei rai ion (mili) 

1 Kr. 4 hiv 20 hn. 66 hn. Ihr. 4hn. 20 hn. 66 hn 1 hn. 4 hn. 20 hn. 66 hn. 

A (loto) 

A-t(lata*STi) 

A-2(lo»a*5Mo) 

A-31 Bote» 3 V) 

A-4(Bo»e‘3AI) 

A-S(loiV3Cr) 

A-ddoio* IY) 

A-7(lo$a*.2t) 

A-8(lato*3Bo) 

A-9(lo»r*. 21a) 

A-10(|o«e»SU) 

17.1 

15.3 

14.« 

15.3 

10.4 

14.5 

18.5 

21.3 

14.0 

20.7 

18.6 

33.3 

40.7 

30 6 

30 » 

37.7 

25.2 

33.3 

42.8 

47.8 

34.5 

36.» 

46.4 

193.0 

231.0 

82 S 

76.5 

105.5 

69 5 

92.7 

108.5 

223.5 

89.1 

184.4 

110.3 

248. S 

179.0 

173.9 

218.5 

131.6 

174.3 

220.0 

172.7 

376.6 

1.7 

1.0 

2.5 

0.7 

1.0 

0.5 

1.0 

0.5 

1.0 

1.0 

3.2 

2 0 

2.5 

2.5 

1.3 

2.0 

2.3 

2.3 

3.0 

2.5 

6.2 

6.7 

11.0 

9.0 

3 8 

6.3 

7.0 

7.3 

6.0 

10.0 

12 3 

23 0 

17.0 

9.3 

29.5 

19.0 

13.0 

6 

7.5 

7.3 

4/12 

7 

6 

10 

8 

9 

l0.3/3<f 

1V30* 

13 

7/18* 

1V30* 

13 

23 

13 

18 

14 

21 

33 

27 

27/20* 

25 

27 

36 

r 
33 

33 

22 

33 

43/27* 

43 

25 



Tabu 1. XXXIX. Klnatlc rata 
conatant for oxidation (2a00°r) 
of aarlaa A coluablun alloya. 
(Corola and Goodapaad <89>). 

_Alk» 
_îal_ *04* 

4 Hn. 20 Hit. 44 Hiv 4 Hn. 20 Hn. 44 Hn. 4 Hn. 20 Hn. 44 Hn. 
A (lom)« 

A-1 (lata»3Tl) 

A-2 (BoirtSMo) 

A-3 (lo«a*3V) 

A-4 (la«a»3AI) 

A-3 (leta*3Cr) 

A-6 (lata^O. IV) 

A-7 (Imat-0.21) 

A-l (lo»r*3*e) 

A-9 (lo«a*0.2W) 

A-10 (law*SU) 

20.3 

13.3 

13.3 

1«.* 

12.4 

14.7 

21.4 

23.« 

17.3 

IIlS 

23.2 

31.4 

14.3 

17.1 

23.4 

113 

20.7 

24.2 

30.0 

1*.* 
41.1 

24.4 

22.0 

21.4 

214 

112 

21.4 

27.2 

21.2 

413 

1.4 

1.0 

1.3 

1.3 

0.7 

1.0 

1.2 

1.2 

1.3 

1.3 

1.4 

1.3 

2.3 

2.2 

0.4 

1.3 

1.4 

1.4 

1.3 

2.2 

1.9 

2.1 

2.1 

1.1 

14 

13 

1.4 

10 

7.5 

13 

7.0 

19 

17 

10 

10 

14 

13 

2.7 

13 

14 

13 

11 

K&i, * NfAall« waight «aln «ata comían», 

KjH * Anabolic wrfaco raccMlon rala comían», mHi-hr"'/* 

KOf * Po™ko(ic °«W" dana»m»lan rala cernían», 

•* Iota compmiilon i» Ck-lOW-IOTc-lOTl-l. SHf 

Tabla l.XL. Noalnal conpoaltlona 
of aarlaa B coluablun alloya. 
(Cornle and Goodapaad <8®)). 

Alley 
Ne. 

Anelytit (w/e) 

a w Te T! HI Al V Me N & Y U 
Il lew) 

4-2 

M 

M 

4-3 

4-4 

4-7 

4-4* 

4-4* 

4el. 

M. 

4al. 

4ol. 

4al. 

kl. 

kl. 

kl. 

kl. 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

13 

13 

13 

15 

15 

23 

13 

40 

15 

2 

2 

2 

2 

2 

2 

2 

2 

2 1.
—

 -
 

3 

S 

i 

3 

3 

0.1 

CMC 

mm 

S 

Ib«# 3" dionct«! button« wer« ne» remelted Inte ectenguler mel*. 



Tablt XLI. Oxidation data for 
aoriaa "0" alloy* at 2a00°r. 
(Cornie and Goodapaad 

Allay No. 

_Caw»:*l>i«" 

pSifl-LS lain (mm/c ELI_ _-Vrrfaaa 1 »*Wil*n (mi it)_ Ont i**n Panatmtlan**(niu 
t Hr. 4 Mr». »Hm. “Hm. -Lïïl <Hm. 30 Mn. 44 Mn. 

] Hfl 
9-t 
Ima (Cb-ISTl-IOW- 

IOTo-2Ht-JAI) 

••1 
lot* • 5Mo 

1-4 
Ima * 31* 

1-3 
tataOCr 

1-4 
low « ton 

1-7 
lot* * 0. IV 

1-8 
Cb-40Ti-10W-2ttf- 

3AI 

1-9 
let* ‘ 38* ♦ JU 

13.1 

9.7 

13.7 

1t9 

10.» 

11.» 

*.l 

27.9 

13.1 

29.0 

24.1 

44.0 

29.2 

34.2 

78.4 

94.3 

•S.S 

»2.2 

112.3 

44.3 

17». 7 

124.3 

112.0 

137.4 

99.2 

29». r 

174.2 

277.4* 

249.0 

s 

3 

10 

2 

2 

8 

4 

4 

7 

14 

9 

11.» 

19.» 

11.» 

7.0 

23 

ias 

19 

19 

IS 

23 

20.» 

IS.» 

•atm* 

11» 

30 

9 

4 

7 

4 

3 

4 

3 

14 

9 

14 

4 

11 

17 

13 

>44*** 

19 

2» 

19 

>29*** 

>2»*** 

21 

>S0*** 

SS 

>49*** 

mmm* 

24 

—• 

2» 

Subttrot» compltuly eanwmad. 
Pen«t ration doto roproMnt« dap's af viilbla an Ida 
Indicotat panatratian thrawgS ipacinan •hlcknaa. 

pracipitatlan at 100X. 

Ttbla l.XLII. Klnatlc rata con¬ 
fiant* for oxidation (2300°r) 
of sorlea B colunblua alloy*. 
(Comía and Goodapaad (39)). 

Alloy 
Km' _!&!_ KOP* 

4 Mn. 20 Hn. 66 Hn. 4 Hn. 20 Hn. 66 Hn. 4 Hn. 20 Hn. 66 Hn. 
•-1 «ow)** 

1-3 (3«* ♦ »Mo) 

1-4 (Iota ♦ 34a) 

•-» (lata * 3Cr) 

1-4 (Iota ♦ 10Ti) 

1-7 (Iota ♦ 0. IV) 

•-« (Cb-40Tl-10W-2Hf-3AI) 

1-9 (Iota * 34a* SU) 

14.0 

16 

14.5 

12.1 

23.0 

14.6 

111 

17.6 

21. S 

19.1 

11.7 

40.1 

113 

39.2 

116 

13.8 

19.4 

12.2 

313 

21.9 

317 

314 

10 

10 

3.0 

3.S 

7.0 

IS 

2.4 

14 

2.6 

1.6 

5.2*** 

2.4 

13 

3.4 

1.9 

2.9 

2. S 

1.9 

1.9 

17 

10 

19 

7.0 

10 

15 

13 

IS 

>10.7 

12 

16 

4.2 

>15 

>16 

4.7 

17 

11 

>15 

13 

11 

*óth m 9b"b*ll« waígh» gain rata comtont, mg-eiâ2-ttr*1^2 

Kjg « Parabolic »urfoc* racaaion rata cora tont, mi(t-tif‘,'/2 

KOP * 9ar*b*ll* oxygan panatratian tata comtant, mib-ttr*1^2 

** lata compaiitlon It Cb-1STi-10W-10Ta-2Hf-3AI 

teta may ba invalid bacausa of aimait complota oxidation cf x da ligia 
• •• 



Table l.XUII. Effect of 2400°F 
exposure! on weight Increase (D 

of alloy B-l at 1800, 2000, and 

2200°F In air. (Cornle and 
Goodspeed 

Toit 
Tamgofeturo 

Weight Incraoia at Tamp, (mg) Improvement Factor 

4 Hr, Farted 
lafor*'After 

40 Hr. Farted 
•eWAftar 4 Ha. 40 Hn. 

W2) 
2000<» 

2200O) 

MV'S 

73/* 

59/28 

127/40 

703/385 

2.0 

5.5 

2.1 

3.2 

1.8 

(1) Thennebo lance Osle 

(2) Spec I mem annealed 1 hour at 2400° F 

(3) Specimen annealed 1 hour at 3090°F 

Table i-XLIV. Oxidation-resistant 

colunblun alloys and oxidation rates. 
(Brentnall et al 

Alloy 

Extrapolated Oxidation 
Rate at 2400 F 
(mg/eni2/hr) Remarks 

Cb-30Cr-SAl 

Cb-20Cr-15Al-2Ca 

Cb-19Cr-lOAl-15Co 

Cb-2*Cr-SAl-2NI 

Cb-10Cr-10Al-lSNI-4W-2Ca 

Cb-10Cr-10Al-4W 

8.13 

0.20 

0.00 

0.13 

0.09 

0.19 

U.*. Patent Me. 2.838,30« 
duPont, 10 June 1050 

Cb-20Mo-20Al 

Cb-lSM9-15Al-20e 

Cb-15Mo-14Al-102r-4W-lB 

0.00 

0.80 

0.44 

U.S. Patent No. 2,881,000 
duPont, 9 April 1050 

Cb-10Fe-18Al 

Cb-20Fa-8Al 

Cb-24Fa-20Al 

Cb-10F(-IA1-2B 

Cb-10Fa-14Al-4Mo-15Cr-lC* 

Cb-SFa-10Al-l0NI 

Cb-tFa-10Al-25NI 

0.13 

0.30 

0.10 

0.80 

0.00 

0.18 

0.00 

U.8. Patent No. 3,830,305 
duPont, 10 Juna 1050 



Table 1-XLV. Coluablua alloy coap- 

oaltlona for osldatloa toata. 

(Broatnall at al <**>). 

Alloy 
Desig¬ 
nai ion Composition Wt/I 

Ht*|KUlcü Oxidntion 
Hati* at 2190* V 

(1200*C)Mp'ema/hr* 
Appearance After 

Arc Mt IlinK 
Ductility 

in (lolling 

A 
B 
C 
D 
E 
F 
G 
H 
1 
i 
K 

i. 
M 
N 
P 
R 

S 

T 

Cb-hOTt-lOAI-lOMo 
Cb-42TI-4Cr-4AI 
Cb-dOTi-OAl-lOMo 
Cb-19C r-10AI-l5Co 
Cb-10Cr-IOAI-4W 

Cb-lf.M. 14AI-10Zr-1W-lD 
Cb-10Cr-l0AI-l3Nl-«W-2Ce 
Cb-SFe-10AI-10Ni 
Cb-OFe-lOAI-lONi 
Cb-dOTi-lOCr-SAI 
Cb-20Mo-ir.AI-4W 
Cb-20Mo-20AI 
Cb-20Mo-10AI 
Cb-20Mo-3AI 
Cb-S0Zr-3Tl 

Cb-40Zr-mi-4AI 

Cb-10W-29llf-lZr-áTl 

Cb-»0W-29llf-lZr-lCrri 

1.0 

0.06 
0.17 
0.32 
O.OS 

0.10 

0.62 

No crack» 

No cr.*u l;8 
No crack» 
Disintegrated 
Badly cracked 
Disintegrated 
Surface i racks 
Badly ernt ked 
Disintegrated 
No cracks 
Disintegrated 
Disintegrated 
Surface crack» 

No crack1 
No crocks 
No cracks 

No crack • 

No crock* 

Poor 
Excellent 
Good 

Very poor 

Very poor 
Very poor 

Moderntc 
Very poor 
Very poor 

Very poor 
Poor 
Ftlr 
Fair 

Not rolled 

Not rolled 

• Data from Ht ferrure 0 n port* d in ttii;/cm*Ar frum ino or 200 hour oaiilatioi 

Tabla 1-XLVI. Osldatloa of coluablua 

alloys. Exposad 16 hours at 

ie00°r. (Broatnall at al 

Alloy A pt ir.tr lore 
Wri^iil l li .i 

My/, i. ; .1 

Stillt' Thitkni sa* 
Inch 

B 
E 
0 
H 
i 
H 
P 
n 
s 

T 

we 30i:. 
Heat 

5SOU7H 

Orange-nrottn 
Completely oxidized 

Black 
Black 
Smooth llnmn 
Completely oxidized 

Gray-Whltc-i.p .lied 
Gray, apalled 

Gray, nfialled 
Gray, apalled 

White, »ligl.t ¡.palling 

«.|3 

•o.r 
‘o.n 

-la», '.i. 

34.20 
S6.lt 
63.7'i 

4.M 

0.0008 

0.0006 

K.D. 
0.020 
N.n. 

N. D. 

O. 010 

a Including eoiSinuouii sutincate 
ND Nut determined 

Tabla 1-XLVII. Osldatloa of coluablua 
alloys. Esposad 16 houra at 

B000or. (Braataall at al 

Alloy Appen ranee 

W. i,.1 ! ft , . 

M"/ n! ..: 
S. nie Thickneaa* 

Inch 

B 
E 

G 

H 
1 
N 

P 

R 

S 

T 
WC3015 

Heat 
190078 

Orange-Brnun, Smooth 

Dark G reen 

Brown 

Black 

Orange-Black 

Yellow-Black, Rpnlleil 

While 

White 

Yellow, Spalled 

Yellow, Spalled 

Yellow, Spalled 

18.81 

«4.17. 
*0.7:>" 

♦4.T. 

1.02 
-134.2(. 

139.06 

08.10 

•30.4 

0.82 

23.02 

0.005 
ND 

ND 

ND 

0.003 

ND 
0.034 

0.025 

0.012 

0.010 

0.017 

* Including continuou» »ubucule 

ND Not Determined 



Table 1-XLVIlI. Oxidation of 
columbluB alloya. Exposed 16 hours 

at 2400°F. (Brentnall et al <6â>>. 

Table l.XLIX. Coluabiua alloy 
oxidation. (Brentnall et al (**)). 

Alloy Appearance 
Weight Change 
Mg/cm2 

Scale Thickness4 
Inch 

B 
J 
R 
S 

T 
WC3015M 

Heal 
S90078 

Orange-Brown 
Dark Brown 
Gray 
White-Black Speckled. 

Spalled 
White, Spalled 

Gray. Spalled 

8.21 
4.86 

49.49 
-68.39 

29.52 
-20.30 

0.002 
0.001 
0.011 
0.012 

0.008 
0.010 

Table L . Columbium alloy oxidation 

(Brentnall et al <6S>). 

Alloy Appearance 
Weight Change 
Mg/cm2 

Scale Thickness 
Inch 

B 

J 

R 
S 

T 

wc^oir.M 
590078 

Blown 
Gray-Black; loose, powdery 

oxide 
White 
Yellow, Heavy Seale 
Yellow, Heavy Scale 
spalling 
Yellow-White, Some 
spalling 

21.54 

3.61 

152.85 
37.78 

-23.29 

-87.36 

0.008 

No adherent scale 

>0.030 
0.006 
0.0M 

0.030 

* Including continuous aubacalc 



Tabla 1-LI Crucible sulphidation 

test results. (Brentnall at al <8S>). 

50- 

Alloy 

Initial Dutton 
Weight (gins) 

(approx. 
2cc vol.) Appearance 

Weltfit 
Losa 

i 

j 

N 

P 

R 

S 

T 

WC3015 
(Heat 59006C) 

WC3015M 
Oleat 50007 h) 

TD Nicki ! 
Chromium 

11.2907 

11.7729 

16.2089 

16.2457 

13.2921 

16.1400 

16.0870 

13.1653* 

20.1334 

3.9199 
(0.040>inch 
aheet) 

Adherent orangeAtrown acale 

Adherent brown scale plus fine powder 

Heavy white oxide, completely oxidised 

Orange/white sclac 

Orange/brown loose scale 

Orangc/brown, completely oxi'lited 

Orange/white scale 

Milite, completely oxidized 

Yellow/whlte scale 

Dark green 

4.3 

3.4 

14.4 

80.6 

25.8 

6.6 

0.25 

* Smaller button due to material availability. 

labia 1-LI1. Chaalcal analysis ot 
arc cast alloys aelactad for cladding 
alloy* (Schelrer (07)), 

Alloy Ho. . 

1. 9.216 
597 

2. 0.189 
5.21. 

). 0.236 
6.5) 

4. (Cb 16) 0.)18 
8.81 

5. (Cb 7) 0.)50 
9.69 

6. 0.476 
1).16 

7. 0.)20 
8.85 

8. 0.)2) 
8.93 

9. 0.25) 
7.01 

'0. 0.)47 
9.61 

Cb Tl 

Bal. 
Bal. 

Bal. 
t'al. 

Bel. 
Bal. 

Bal. 
Bal. 

Bal. 
Bal. 

Bal. 
Bal. 

Bal. 
tal. 

Bal. 
tal. 

Bal. 
Bal. 

40 
39.2 

50 
51.4 

27 
29.0 

10 
9.6 

7 
6.8 

10 
9.8 

10 
10.4 

20 
21.2 

5 
5.) 

<0.3 

<0.) 

20 
21 

28 
28.8 

Al 

5 
4.75 

10 
10.4 

3 
2.90 

Hf 

3 

0.) 

10 
10.5 
10 
10.1 

) 
3.1 

5 
5.1 

l.l 
1.6 

) 
3.2 

Ho 

10 
10 

Cr 8a NI Si 

25 
25.5 

10 
12.0 

10 
10.) 

) 
4.0 

Bal. 
tal. 

1.8 
1.9 
1.8 
2.0 

)0 
29.2 

5 
4.6 

) 
2.8 

3 
3.0 

0.6 
0.15 

2 
2.3 

3 
3.5 

2 
1.85 

3 
2.2 

) 
3.0 0.48 

0.020 

0.0)0 

0.021 

<0.001 

0.01) 

0.004 

0.005 

2 
2.0 

0.05) 

1020 

6)0 

525 

3)0 

250 

470 

325 

300 

260 

240 

Analyal* supplied by Battalia Heiaorlal Instituts. rR 
Nominal compositions shown In first lina. 

* first figure In Ibs/lnl 
Second figure in gms/ern) 
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Table 1-LIII. Oxidation teat data 

(3200°?) for potential cladding 

alloya • (Scbelrer 

Surface Recctsion (mils) Oxygen Substrate Pénétrât ion (wilt)** 

I hr 

.0 i%.7 I 

*1 loy 
No. 

I 

2' 

i 

k 

5 

6 

7 " 

S 

9 it.6 9.1 

10 20.6 35.5 

0.5 

69.7 162.2 1.0 

52.3 133.5 1.0 

29.9 59.1 3.5 

235 171.3 25 

56.5 99.6 1.5 

63.9 212.6 ' ..5 

21.9 137.3 10 

66.6 166.1 1.5 

6 hr» 20 hrs 66 hr$ 

1.0 28.5 67.5: 

0.5 2.0 6.5 

2.5 8.0 18.5 

3-5 10.5 15.0 

1.0 6.0 8.0 

6.0 6.5 11.0 

1.5 6.5 13.0 

3.0 8.5 66.0 

1.5 3.0 9.0 

1.5 2.5 6.5 

I hr 6 hr» 

3/22 5/36 

15/38 65/61 

5/60 9/67+ 

6/12 10/20 

9/13 16/15 

65.5+/65.5+ 66+/66+ 

9/15 9/33 

6/7 10/16 

5/8 10/- 

7/8 13/13 

20 hr» 66 hr» 

19+/19+ 

66+/66+ 63.5+/1.3.5 

61.5+/61.5+ 31.5+/31.5 

26/65 65.5+/65.5 

30/25 66/1.3 

61.5+/61.5+ 37+/37+ 

26/32 60/60 

21/30 

18/- 30/- 

19/20 35/36 

Weight Clin (lyi/cn^) 

I hr 6 hr» 20 hrs 66 hr» 

55 16.3 36.6 

1.6 1.9 6.2 19.9 

10.6 21.9 

11.9 36.5 

0.5 26.5 

12.9 12.5 

2.3 3.6 

7.2 30.6 

Oubstrate totally consumed 

Weight gain data probably affected by oxide loss. 

* Total oxygen penetración. 

Penetration determined optically/penetration determined by Knoop microha+dness traverse (100 gn load) 

* Air flow of 2 cu. ft./in. maintained during tests. 

Table 1-LIV. Weight gain, aetal 

loan, oxygen contamination, and 

total penetration data for Cb-W-Ta 
alloya oxidised In air for 2 and 
20 hours at 2200°F. (Roche and 

Graham<68>>. 

1 
2 
) 
6 
5 

fimminn in. ftnml 
cb-io.jw.iî.6r» 
cb-9.8w-2e.j1» 
Cb-25.1W-15.8T» 
Cb-26.82-31.61» 
Cb-l6.9W-2J.era 

ate (M/ae l 

J2 162 
26 10» 

at I60 
86 »9» 
jj i«e 

■riel lull (dli/rnnii) 
LfeOa auu* 

3.3 13.3 

3.0 10.0 

e.3 61.0 
69.9 66.0 
9.9 20.3 

Cantaalnatlaa (all./r.dlu.l 

2 hr«. AJCta 

2 126 > 116 

2 13C i 12> 

î ir 2 ei 

> eo » 99 

i 96 Î 19 

Total Peneteatlnn (ells/niluxl 

2 hr». 

2 131 2 131 

2 133 2 1J3 

2 123 Í 125 
2123 >123 

i 99 2 99 

■Mas: Spéciaux were cylladrleal. 
Total Peaa trasloa ■ Mi tal Use * Caetaaloatlao. 

SpeclaM* were ooaplewly peat »rated la all secta. 
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Table 1-LV. Weight gain, aetal 
loas, osygen contaalnatlon, and 
total penetration data for Cb-W-Ta 
alloys oxidised In air for 20 hours 
at 2000°r. (Roche and Orahnn 

,m' tul 

CS.10.)S.l).6Ta 
CbW.8-ie.5T» 
Cb-25.1S-15.6T» 
CbWb.es-51.6T» 
Cb-l6.9S-25.8T» 

fcl^t fl.1. <^/«»1 

120 

U5 

95 

502 

162 

mm tan (rtWiytl 
20 

18 

IT 

I 5b 

8 

(..i,/..».' 

* 50 

1 50 

2 32 

? b2 

Taul ftMtutic. 

2 50 

■ b8 

i b9 

i 5b 

• 50 

Spnla»»» «er» ie»Maf»Ur. 

Toul Nattntlaa • »«»1 tea» ♦ CoaUalmUca. 

Sp«latas sei» ssaplstsly ysastietsé U all tests. 

SpseUea at Him He. 6 saa eoaplstsly oiKltsd. 

Table 1-LVI. Weight gain, netal 
loss, oxygen contanlnatlon, and 
total penetration data for Cb-W-Hf 
alloys oxidised In air for 2 and 
20 hours at 2200°r. (Roche and 
Grahaa <••>). 

9 
10 

1¾¾ fltfi ÍRU^lUÜ- a^lglMÜd^gl^Rtl 

üa lit, rtmat) 
CbW.M-l.6Hi 
Cb-10.6S-30.cHf 
Cb-2b.lS-b.bHf 
Cb-23.0S-26.5Hf 
Cb-lb.TS-l8.7Hf 
ttmnrtmiM f 

6 
T 
• 
9 

10 

69 

» 
39 
a 

» 

322 

122 

232 

n 
1»7 

T.5 

i 

i 

• 1 

b« 

U 
b« 

6 
U 

- 12b 

9 
*U9 

6 

1b 

*93 

>1 

*19 
U 

*9« 

jùinçu 

*131 
12 

*U9 

19 

IS 
*131 

b2 

*125 

19 
* b9 

IdcL 

■ Spec lasas at AU tps Ho. 6 asi 9 sers «yltairlsals tbsrafar», estdatlas 1 
Opesians of Allspa H». 7, 9. as« 10 sers rsstaagslsr. 
total Mas tie Usa « Mitai lass plvs < 

sate aie alla/ie41\w. 

■H 

MbManaiaaaa 
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Tabla 1-LVI (Continued). 

12 

U 
U 

12 
U 
Ik 

CMBMltlnn ft. lUWMtl 

Cb-6.)»-26.3Kf 
Cb-k.0a.J4.fcHf 
Cb-8.ja.26.tHf 

n*i au» (m/m2) 

» 
5Î 

Î9 

2fc0 

2fc6 

20fc 

22 

12 

Ifc 

JO 
J1 
J2 

>n. p„MnO 

Cb-lfc.2B.2e.8Hf 
Cb-lJ.ia-Jfc.lHf 
Cb-20.2a-a.6Hf 

CamaniMaB fniii'tifii) Taui 

Ifc 

K 

Ifc 

2fc 

26 

28 

16 

W 
1' 

20 hr«. 

fct 

fco 
fc2 

J1 
52 

26 

)0 

« 

77 

76 

9fc 

10 

6 
9 

22 

27 

Ifc 

10 

Ifc 

J6 
24 

JO 

i aaia notMfuUr. 
Ibttl hiÉtiaUsn * MMal Ihm * ContwiMtUn 

Table 1-LVII. Height gain, natal 
loaa, oxygen contanlnatlon, and 
total penetration data for Cb-w-Hf 
alloya oxldlaed In air for 30 houra 
at M00oF. (Roche and Oraban . 

6 
7 
8 
9 

10 

Caatocltlon (1t. fbwatl 

Cb-9.ea-l.6Hf 
Cb-10.6a-J0.8Hf 
Cb-2fc.ia-fc.4Hf 
Cb-2J.0a.26.JKf 
Cb-lfc.7a-l8.7Hf 

6 

7 

8 

9 

10 

a.m»t a.!- (m./^ 

251 

171 

1J2 

48 

TJ 

ÜMl ¡018 (6tt6/6Mt) 

29 

J 

5 

2 

5 

ContaalBÉtloa (nll./«H») 

> , 25 

> 48 

£46 

U 

£ 44 

Total Faamatlon (allt/iltol 

£5* 

£51 

£51 

15 

»49 

Holet: Sjeeiaen» mrt ncUafultr. 
Total Nattntloa - mtal Lay * Coattalattlea. 
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Table 1-LVII (Continuad). 

mar m. Ct»cn«<tlan Ct. 

11 ct>J*.9»-}i<.9Hf 
12 Cb-6.Jf-26.JKf 
1J Cb-6.0f-J4.liHf 
16 Cb-8.Jf-2B.6Hf 

mar Mb. fril 

JO Cb-16.2f-2e.eHl 
J1 Cb-lJ.lf-J4.lHf 
J2 Cb-20.2f-a.6Hf 

fclAt Cain tf/«.8) 

26J 

2J7 

290 

26T 

lütal Lm. 

î J2 

> 69 

Ü6 

Hi 

camaininn tmi/iia) lom tin/.n.! 
- - 52 

- 2 69 

- i J6 

- i J2 

JO Jl 

J1 J4 

J2 66 

J 

2 

9 

¿69 

1J 

¿66 

Î 52 
IT 

* JJ 

Notaa- Speclatni wrt rectangular. 

Total Pfoatiatloa * Matal lota * CootaaiaaUoa 
Speclaan* of all^ri No. 11, 12, 1J and 16 am coaplitaly oildlMd. 

Table 1-LVIII. Weight gain, natal 
loaa, oxygen contamination, and 
total penetration data for Cb-W-Hf 
alloya oxldlaed £n air for 20 and 
6B houra at 2000 T. (Roche and 
Graham <••>). 

fiiliim fit r»m»nt) 
Cb-16.6f.JJ.9Hf 
Cb-12.lf.JJ.JHf 

iiuti ala 

Jl 100 

n uo 

Matai 1~. 1.11 

« S 

1 2 

CMUtMUM (mi/H8l) 
6g br«. 

16 71 

19 J2 

Total Tanateatlna (.lla/aliat 
20 hra. 6g hra. 

18 JO 

80 J6 

■MMi %eeimMa aere reotaagular. 
fctal fMitiatlM a Mitai laM * OMlMiaatiM 
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Tatle 1-LX. Oxidation Data for 
Nb-105 l!o-Ta alloys. 
(Vasilyeva and Prokoshkin 

ï Ta Increase in weight, mn/cn^ 

0.25 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

10.0 

15.0 

Nb-lOTa-5Mo 

Mb 

loocPc. 

1 hr. 21 hr. 

22.0 159.3 

21.3 151.3 

18.6 142.8 

17.2 132.4 

16.7 122.0 

10.4 119.7 

17.7 134.3 

17.9 136.7 

20.0 326.5 

5.7 31.9 

30.0 271.0 

nocPc. 

1 hr. 21 hr. 

23.9 176.0 

22.6 174.0 

21.3 154.0 

20.5 144.0 

19.8 139.3 

16.3 !r\l 

19.9 191.0 

21.4 196.7 

25.3 231.6 

13.7 96.2 

36.0 330.0 

I20CPC. 

1 hr. 21 hr. 

29.3 261.7 

28.2 260.0 

25.9 258.7 

24.7 254.3 

21.3 

19.9 243.0 

21.1 197.8 

25.7 208.3 

34.5 301.2 

30.5 273.9 

67.2 388.2 

Table 1-LXI. Weight gain after 1 hr 
for the oxidation of Nb-10 at T W 

(Slkka and Rosa (7D). 

Tatle 1-LXI. Weight gain after 1 hr. for the oxidation of Nb-10 at % W. 

(Sikka and Rosa (71)), 

oxygen pressure 
tcrr 

temperature 
°C. 

weight gain in 1 hr. 
mg/an2 

100 1000 68* 

1100 43* 

1150 46* 

1200 5 3* 

400 1000 50 

1100 23 

1150 27 

1200 33 

760 1000 46 

1100 27 

1150 27 

1200 44 

* Notes there is a discrepancy in the presentation of the data in the 

report, and it is probable that the weight gains at 100 torr should be 

a factor of 2 analler. 
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Table 1-LX1I. Weight gain after 1 hr 

for the oxidation of Nb and 

Nb-10 at % Cr. (Roaa and Chen<72>). 

oxygen pressure 
torr 

100 

400 

I 
! 

terperature 
°C. 

Nb 

900 35 

1000 40 

1100 40 

900 62 

1000 70 

1100 60 

900 75 

1000 80 

1100 72 

weight gain in 1 hr. 
mg/ati2. 

ffc-10at%Cr 

54 

13 

23 

100 

14 

23 

60* 

25 

28 

* after 30 minutes. 

Table 1~LXI!I. Tranaition tine fror 

alo« to faxt kinetics and linear rate 
constant for Cb-132 between 660° and 

fc60°C. (Felten <73>). 

Table 1-LXIV. Parabolic rata constanta 

for Cb-132 oxidised between 900° and 

131«°C. (Felten <73>). 

frmpctaiurf Trankttune WfUttH yom al (g cm * tre ') 
f C) (mm) transition nmr 

(mg cm J) 

Temperature Total lime Duration of Parabolic rate 
en (mm) parakohf heluu h* constam If 

(mm) (j1 on * »«■■') 

651 

676 
665 

702 

726 

750 
775 
too 
«26 
150 

»0 
7« 
54 
40 
» 
)« 
)1 
JD 
19 5 
16 
15 5 
95 
• 
6 

10 
10 
065 
0((5 
0 6)1 

065 
041 
17 
I s 
I I 
14 

Id 
I K 
20 

2 57. 10 
2 76 » in 
100. 10 
142» 10 
I 49. 10 
160. 10 
200. 10 
515» 10 
542 » 10 

6 «9» 10 
615» 10 
I 24 . 10 
I 26 » in 
146. in 

«12 100 
«82 200 

1004 100 
1058 100 
1095 100 

119« 100 
(201 100 
1204141 120 
1516 100 
I57I'4 120 

040 
0 «0 
0 50 

1060 
025 

15 100 
0 100 
0 100 
0 120 

10 60 
10 70 

408 * 10 • 
4.17.10 * 
4.44.10 1 
800. 10 1 
807.10 * 
458.10 ' 
1.00» 10 ’ 
8 85 10 * 
171 » 10 7 
165.10 ' 
81 10 1 

Table 1-LXV. X-ray diffraction 

results of Cb-132 oxide products, 

(leiten (73>). 

Heal treatment Type 

140 nun «it AMf ( A* 
100 mm at 70? ( A 
70 min at 75? C A 
40 nun at HOtf ( A 
20 mm at R?f' < A 
45 min at K4H ( A 
)0 min at K7t> ( A 

ISO min at Kurt' A 
100 mm at 9X? C A 
100 mm at 98? C H 
100 nun at IX W l A 
100 nun at 1059 ( H 
100 mm at 1091 C A 
100 mm at I ?011 A 
100mm at I)If»'( A 

Phases found 

«•Nh,(V* 
«•NbjOt 
■-Nh,(»a 4 HC.lk /1 Nh,0, 
••Nb|Oj4 htronjî /< Nb|0« 
•-NbjO« 4 sirtuH’ /f SbjO* 
/l-Nb^O« 4 strong i NbjO« 
(f-Nb|0« 4 » Nb,!), 
^•Nbjl)« 4 \cr> ucak > NbjO. 
• ♦ (l-NbjO, 
/!*Nb|Oj 4 weak j Nb,!), 
• 4/1 Nb,0, 
/l-Nb,!), 4 «teak * NbaO, 
1-NbiO, 4 mcak a Nb,0, 
/l-NbjO, onl> 
/ï-Nb,0, onl) 

* A ^Spalled. H adherent oxitlc 
•• ••Nb|0, hu» temperature tnodifitaiion./f-Nb,0, high ieiii|vraturr modiriwation 
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ligure 0.1. Scaling of nulykdenur, 
turgfiten, tantalum, and columbium. 
Ci«placement of the metal inter¬ 
face after various times in air 
at 200C°F. (Michael). 



Imuittmt. *C 

Figur« 1.1. Taaparatur« dapaodance 
of tba linear rata coaatant of 
osldatlon of nloblun (KofatadO)). 

ti 

Figure 1.2. The log of tba "linear 
rata conatbnt" va. tba reciprocal 
of the abaoluta tanperatura at an 
oxygen praaaura of 400 torr. The 
reaction baa been divided into 
«aparata region« according to tba 
scheue of McLlntoch <**' • 
(Stringer (10)). 



Figur« 1.3. D«pth of contâalDBtIon 
for coluMblua oxldlsod for 1, S, 
■ad 10 hr at various teaperaturei. 

(Klopp (a°)). 

Tbo erltorloa la a hardaoaa Inerva*« 
of 50 Kaoop pointa. 

Figur« 1.4. Weight gaina of 
coluablua alloy« «apo««d 5 hr In 
dry air at 1000 C (continuous weigh¬ 
ing t««ta) (Klopp «t al OS)). 



Figure 1.8. Weight gains of 

coluabiuB alloys exposed 2 hr in 

dry air at 1200 C (Continuous 

weighing tests) (Klopp et al <**)). 

tu mt mu ui i >t< 
I£6S 

âiiOV CONÎCNT - ATOMIC OCKCIlTS 

« • • 

I.«. lia L aa 

iii H it i mu ui m Hi n h 
¿¿¿** Hi Hi Hi ¿i 

•ua toauan »»oMicnKcisii 

Figure 1.6. Dlapiaceaent of the 

aetal interface of coluablua-baae 

al lova after 16 hr in air at 
2000°F. (Michael) 
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ALLOY CONTENT-ATOMIC PERCENTS 

Figure 1.7. Dlapleceaent of the 

aetel Interface of colunblua-baae 

alloya after 66 and 200 hr In air 

at 2000°r. (Michael). 

Figure 1.6. Scaling of binary 

Cb-Ta alloya after 16 hr In air 

at 2000°r. (Michael). 

TIMRfAATME 1*71 

Figure 1.6. Scaling of coluablua, 
tantalua, and a Cb-20% Ta alloy 

after 16 hr In air at 1000 to 

2000°F. Initial alara of apeclaena 

eere 0.375 In. dlaa a 0.500 In. 

(Michael). 

ALLOY CONTINT • ATOMIC PERCENTS 

Figure 1.10. Dlapleceaent of the 

aetal Interface of aodlfled Cb-20% 

Ta alloya containing the Indicated 
percentagea of alloying eleaente 

after 16 hr In air at 2000°F. The 
daahed line refera to the Cb-20% Ta 

alloy. (Michael). 
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Figure l.U. Air oxidation of 

columbiuo-base alloys at 2000°F. 
(Michael). 

^ e. ^ » 

Figure 1.12. Effect of chroalua 
content on oxidation rate for 

three groups of coluabiua-chroaiua 
alloys at 800° and 1000°C. 
(Barrett and Clausa^?)), 

Figure 1.14. Oxidation rataa of 

coluabiua-nolybdenua alloys in air. 
(Klopp (2°)). 

Figuro 1.15. Oxidation ratoa of 
coluablua-tltanlun alloys 1c air. 
(Klopp 

Figuro 1.13. Oxidation ratos of 

coluablua-chroalua alloys In air. 
(Klopp <»), 
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Figur« 1.16. Oxidation rate« of 

colunblua-vanadlua alloya ln air. 
(Klopp (30)). 

Figur« 1.17. Oxidation rat«« of 
coluablun-tungaton alloya ln air. 

(Klopp í80)). 

Figur« 1.19. Contaalnatlon hard¬ 

ening of unalloyed eolunblua, 
coluablun-25 at % tltanlua, and 

colunblun-S at t alrconlun after 
air oxidation at 900 C (29). 

Figur« 1.19. Oxidation rat«« of 

coluablun-alrconlua alloya In air. 
(Klopp (3°)). 

Flr;ui« 1.30. Oxidation rat«« of 

coluablua-tltanlua-alualnlua alloya 
at 1000 C (1930 F), with ««tlnated 
conatant-rat« lln«a. (Klopp (30)^ 

at««« 
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Figur« 1.21. Oxidation rates of 

coluoblun-tltanlum-chronium alloys 

In air at 1000 C (1830 F) with 
estimated constant-rate lines 
(Klopp (20)), 

«■MM* 

Figur« 1.22. Oxidation rates of 

columblum-tltanlum-molybdenum alloys 
in air at 1000 C (1830 F), with 
estimated constant-rate lines. 
(Klopp (20)). 

Figure 1.23. Oxidation rates of 

columblum-tltanlum-vanadlum alloys 
in air at 1000 C (1830 F), with 

estimated constant-rate lines. 
(Rlopp (20)), 

Figure 1.24. Oxidation rates of 

columblum-chroaiun-alumlnlum alloys 
In air at 1000 C (1830 F), with 

estimated constant-rate line. 
(Klopp (20)). 

Figure 1.25. Oxidation rates of 

columblum-cbromlum-cobalt alloys In 

air at 1090 C (2000 F), with 
estImatsd constant-rate line. 

(Kiopp <*°>). 

Figure 1.28. Oxidation rates of 

columblum-chromlua-nlckel alloys 
In air at 1080 C (2000 F) with 

estImatsd constant-rate lino. 
(Klopp (20)). 



Figur« 1.27. Oxidation rat«a of 
colunblua-aolybdcnua-alualnlua 
«Hoya ln air at 1000 C (1830 F), 
with «stlnatod constant-rate lln« 
(Klopp (20))# 

Figur« 1.28. Oxidation ratas of 
coluablua-nolybd«nua-chronlua 
alloys ln air at 1000 C (1830 F), 
«Ith ««tlnated conatant-rat« linas. 
(Klopp (»«I. 

Figur« 1.29. Oxidation ratas of 
coluablua-lron-alualnlua alloys 
ln air at 1000 C (1830 F) (Klopp(a0>). 

Figura 1.20. Oxidation rataa of 
colaahlun-iron-cobalt and 
‘oluahluo-lron-nlckal alloys at 
louo r (9000 F) ln alr, «Ith 
«at '«au« constant-rata lln«. 
(Klopp <*0)). 

Tma, haar« 

Figura 1.31. Cooparlaon of oxidation 
bahavlour of coluoblua and selected 
colunbluo alloys with FaCrAl la air 
at 1000 C (1920 F) (Klopp(2°)) 
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Figuro 1.3S. loothorul clot of 
100-hr woIght gain at SOO°C. 

Spalling (S) denotoa a continually 
oafollatlng oxidation product. 
(Wlodok (37)). 

Jill 

Figuro 1.33. laothonal plot of 
100-hr weight gain at 1000°C. 

Spalling (8) donotoa a continually 

oxfollatlna oxidation product. 
(Wlodok (37>). 



Ck - Tl-W 
ltOO*C 
hit* Of 

Figure 1.34. ItotherHkl plot of 
100-hr weight gain at 1200°C. 

Spalling (S) denotes a continually 

exfoliating oxidation product. 
(Wlodek <3^)). 

Figure 1.35. Effect of nolybdenua 

and vanadlua additions on the SOO°C 
spalling of Cb-Ti-W alloys. 
(Wlodek <37>). 
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Figur« 1.36. Eff«et of TI on oxid¬ 
ation of 20W-3V-Ct> alloy In Oa. 
(Wlod«k (37)). 

Figur« 1.3S. Effect of addition« on 
oxidation of 67 Cb-20W-10T1-3V alloy. 
(Wlod«k (37)). 

Figur« 1.37. Effect of « on oxidation 
of 10T1-3V-Cb alloy In Os. 
(Vlodak (37)). ^ 
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Figure 1.30. Rate* of oxidation of 
Cb-Tl-W alloya compared with 

unalloyed Cb, an *9% Cb-15% T1 

alloy, and 310 atalnleaa ateel. 
(Wlodek <37>). 

TCMPCRATURC -*C 

Figure 1.40. Air oxidation of 
Cb-Ti-V alloya. effect of teaper 

ature on aetal loas and Internal 
hardening. (Wlodek (37)). 



Figura 1.41. Rinatica of raactlon 
at 1000°C. (Wlodek <®7>). 

Figura 1.49. Elnatlca of raactlon 
at 1100°C. (Vlodak O’)). 



Figur« 1.43. Isothara«! plot of 

•eight gain (100 hr) at 800°C. 
(Wlodek <3#>). 

Figur« 1.44. Iaoth«nial plot of 

Might gala (100 hr) at 1000 C. 
(Wlotfak O»). 



Figur« 1.45. Iaotherial plot of 
»eight gain (100 hr) at 1200°C. 
(Wlodek <38>). 

Figur« 1.40. Effect of tltaalua on 
oxidation of Cb-Al-V alloy. Th« 
data for th« tltaalua-fr«« baa« 
comaponda to tb« conpoaltlon 
cloaeat to tb« analvaad quaternary 
alloya. (Wlodak <3">). 



Figure 1.47. Effect of chroalun on 

the oxidation of Cb-Tl-Al-V alloys. 
(Wlodek <38)). 

Figure 1.48. Effect of tltanlun 

additions on the oxidation of a 
Cb-8% Cr-3% Al-4% V alloy. 

(Wlodek (3»). 



i ri i MMj-1—r-r-rr rrr|-1—it i htt 

' / y SSS, ' S'rf'//X/f 

// , / «»• tOT. • 4SI • W//, 's/y/JT 
X////////////7//**“** 

.MC». tOT..iOC>-4SI.4v ' 
///////////////y //A^ 

_I_ F f / / / / /// 
»rCifOTilOCr- 

;//////////X r 

STCS-NTi-IOCr-M y/A 

"TTTTTTTTTTTT 
' , SIS STâiNLCSS »T 

¿¿/////A- 

-1—i t m li —i—i 111 hi 

p 

-1—ti i i m 
•• loo 1000 

MIMT MIN TON 100 HOUNS IN 0< 
*/«•< 

Figure 1.49. Effect of coaplexlng 
xddltlons on the oxidation of 

Cb-Al-V alloya. CoaparIson of 

oxidation resistance. For each 

alloy, the three steps In each 

horlxontal bar repreaent weight- 
gain values at 1200, 1000, and 

800°C, respectively. (Wlodek <3®>). 

Figure 1.BO. Kinetics of oxidation 
at 800 C. (Wlodek <3*>). 
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TIKE HOUHS 

Figur« 1.51. Kinetic« of oxidation 
•t 1000°C (Wlodek <3*>). 

600 - 

500 - 

8 
J» 40Of- 
S 
It! 
in JOOH 

200 - 

100 - 

[_J'OO M« HARDENING 

B<00 HI METAL LOSS 
IAl H I0T, -52r 

lAi JV-TT.-l2f 

ÎAL-3V 
JAI - JV-TTi 

Figure 1.52. For each alloy the 

three vertical bar« Indicate the 

affected «one at 800, BOO, and 
1000°C, In that order. <Wlod«k<38>). 
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Figure 1.53. Depth of contenlnatlon 

of surface hardening ahown by dotted 
lines. Full lines are used to 

present the depth of aetal loss. 
(Wlodek <3»). 

METAL LOSS MILS/IOHRS CONTAMINATION 

2000 2400 2000 2400 
TEMP *F TEMP ‘F 

Figure 1.54. Oxidation of current 
nolybdenun and coluablua alloys. 
(Jahnke 0*>). 
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Figure 1.55. Oxldetlon reeletance 

of nloblua/tltenlua end niobium/ 

vanadium alloys at 1,000^. 
Niobium-titanium; niobium- 

vanadium. (Miller and Con 

Figure 1.56. Oxidation reeletance 

of binary niobium elloye at 1300°C 
Nioblum-tungaten¡niobium-tantalum; 

niobium-molybdenum; nloblum- 

slrconlum; niobium-titanium. 

(Miller and Cox (4°)). 

Figure 1.57. Oxidation of varloue 
niobium-chromium alloys in oxygen 

at 1100OC. (Mayo et al <41>). 

Figure 1.56. Oxidation of a 

65-35 at. % niobium-chromium alloy 

in sir and oxvcen at 1100°C. 

(Mayo et el 

aMÉOammamaHiaiiiÉiiÉ 
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Figur« 1.S9. Degree of oxidation 

in air of ternary nioblua alloys 

containing 8.19 at. % titanium after 

1 h at 1100 C (Ig rectangular 
specimens). (Smith <42>). 

Figure 1.60. Oxidation of some 

niobium alloys in air at 1100°C. 

Weight Increase continuously recorded 
by Pyrex spring balance. <8nith<4a>). 



Figur# 1.01. Oxidation rat#a of 
nloblua-30 at.% tltanlun-tungaton 
allo«a ln air at 1000oC, UOO C and 
1140°C. (Saltb <4a>). 

Figur# 1.03. Oxidation rat#a In air 
at 1X00°C of Nb-30 at.f T1 or Mb- 
38 at.I T1 alloya containing t#rnary 
addltlona of Iron, nlck#l or cobalt. 
(Saltb <4a>). 



Figure 1.63. Oxidation ratee of 

niobium-titanium-tungsten-nickel 

alloys in air at 1000°C, 1100°C and 
1140 C. (Smith <42>). 

Figure 1.64. Oxidation rates of 

niobium-20 at.% tltanlum-tunasten' 

cobalt alloys in air at 1100°C. 
(Smith <42>). 



Figur« 1.6S. Weight-gain oxidation 

ratea for niobiua-titaniua alloy« 

exposed at 10S0°C to nolst air 

(Saturated with water at rooa 

temperature.) (Argent and Phelps^*3)). 

*c 

Figure 1.07. Log^o (oxidation rate) 

plotted against 1/T for nloblum- 

tltanlum alloys exposed to dry 
oxygen. Pure niobium 0; 0.8 at.% 

titanium A ; 6.0 at.% titanium A ; 
18.0 at.% titanium V ; 25.0 at.7 

titanium V. 
(Argent and Phelps (43>). 

»C 

Figure 1.00. Logio (oxidation rate) 
plotted against 1/T for niobium- 

titanium alloys exposed to dry 

oxygen. Pure niobium 0; 3.5 at.% 

titanium A i 1.0 at.% titanium A ; 
5.4 at.7 titanium # . 

(Argent and Phelps <*3>). 

T*»wperotarc *C 

Figure 1.08. Log10 (oxidation rate) 

plotted against 1/T for niobium- 
molybdenum alloys exposed to dry 

oxygen. Pure niobium 0; 1.0 at.% 
molybdenum • ; 0.4 at.7 molybdenum 

V ; 1.9 at.7 molybdenum A ; 
3.4 at.7 molybdenum A . 
(Argent and Phelps (43)). 



Figur* 1.69. Th* conc*ntr*tion 
of titanlua and aolybdanua In acal** 
foraad on varloua alloy* at 600°C. 
0 tltanlua alloy*; aolybdanua 
alloy*. 
(Arg*nt and Phalpa <43)). 

Figur* 1.70. Oaldatlon rat** of 
coluablua-vanadlua alloy* in air. 
(Babltak* *t al (4<>). 

BOO* C 

Figur* 1.71. Oxidation rat*a of 
coluablua-hafnlua alloys in air. 
(Babltak* et al (4?)). 
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Figur* 1.79. Weight gain of 
coluablua-vanadlua, tantalua- 
vanadlua, and tantalua-hafnlua 
alloy*. (3-hour toatlng period). 
(Babltak* *t al (**)). 

Figur* 1.73. Weight gain of 
coluablua-10 velght-porcent tltanlua 
with addition* of oxld*a, borld**, 
or carbld**. (4-hour testing 
period). 
(Babltak* *t al <4*)). 
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Figure 1.74. Columbium and tantalum 

alloy oxidation rates. 
(Tiabitzke et al, 

Figure 1.77. Oxidation data for 

columbium and tantalum alloys. 
(Pabitzke et al 

Cb 33MMOW-IOÎ« 

Cb-33Mf*f»2.*5W 

Cb-33Hf-lOZr 

Cb*70Ht 

Cb BOHf 

Cb 45To 10^ 

Cb - OHf • 5Mo 

Cb 20Hf-5Mo 

Cb 30Mf *5Mo 

Cb• 5V-5Mo iHf 

Cb-iOHf-iOMo 

Cb-20Hf-iOMo 

Cb ZOMf-iOV 

Cb-T02r 

Cb 80Zr 

Cb 902f 

40 60 80 '00 
WE'GhT GAIN, mQ/cm* 

Figure 1.75. Oxidation data for 
columbium alloys - 1000°C. 

(Babitzke et al (**)). 

Cb I5HI be 

Cb-lOV-b* 

Cb SSMf 
Cb I5HI be lOTi 
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Cb-»0v 
Cb 33HI-I0e »OTi 

Cb 33MI-b2r-be 

Cb 70HI 

Cb BOHf 

Cb lOHf bMo 

Cb ?OHf-5Mo 

Cb SOHf bMo 

Cb-bV 5M« IHf 

Cb lOHf lOMo 

Cb ?OMf-lOMo 

Cb-702f 

Cb-80Zr 

40 60 60 100 120 
WEIGHT GAIN, mj/cm1 

140 160 

Figure 1.76. Oxidation data for 

columbium alloys - 1400°C. 
(Babitzke et al <&!)). 
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Figur« 1.78. Oxidation data for 

coluablua-hafnlua-tungaten-boron 
alloya. 
(Babltxke et al <&s>). 

Figur« 1.78. Influ«nc« of boron 
on oxidation realatanc« of coluabluii' 

bafnlun and coluablua-tungaton 

alloya. 

(Babltxke et al <B9>). 

Figur« 1.80. Oxidation data - 

Individual Influanc« du« to bafniua, 

tungaton, or boron at 1000°C. 
(Babltxke «t al <85>). 

Figur« 1.81. Oxidation data - 

individual Influanc« du« to bafniua, 
tungatan, or boron at 1200°C. 

(Babltxk« ot al (&s>). 

Figur« 1.88. Iffact of Oxidation 

tin« on ««Ight-galn of Cb-baa« 

alloya. (Chang <M>). 
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Figure 1.83. Effect of oxidation 

tine on netal loss of Cb-b«se 

alloys. (Chang (56*). 

Figure 1.84. Effect of oxidation 

tine on depth of hardening in 

Cb-base alloys. 

(Chang <86)). 

■ia ir.vvw B”» Of ■ItOIOlOOMOI 

Figure 1.85. Oxidation of 

alloys. (Frank f**)). 

colunblun Figure 1.88. Oxidation rate plots 

of several uncoated substrate 

alloys; 1600°F. (Metcalfe and 

Stetson 



Cfe-T.tV-M. ICr 

Figure 1.S7. Sunnary of the noat 

oxidation raalatant ductile 
colunbiun alloy; lflOO°F. 

(Metcalfe and Stetaon <58)). 

Figure 1.8S. Oxidation rate of 

colunblun-tltanlun-alunlnlua; 
one-hour cyclea at 1600-to 2400°F. 

(Metcalfe and Stetaon ' *'). 
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Figure 1.S9. Weight gain behaviour 

of Cb-15 T1-J0 Ta-10 W-2Hf-3Al(B-l) 

alloy oxldlced In flowing air 
(Cornle and Coodapeed (&!)). 

Figure 1.90. Oxygen penetration 

and aurface recession behaviour of 

Cb-lSTl-10Ta-10W-2Hf-3Al(B-l) 

alloy oxldixed at 2000 and 2200°r 

In air. (Cornle and Coodapeed (&&)) 

Figure 1.91. Coaparlaon of the 
oxidation behaviour of pure Cb, 
high strength Cb alloys, and the 

oxidation resistant B-l alloy in air 
at 2000 and 2200°F. 

(Cornle and Coodapeed ' 6 ). 
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Figure 1.92. Weight gain and aurface 

receaaion data for alloya A, A-7. 

and A-9. Exponed to air at 2200 F. 
(Cornle and Goodapeed <59)). 

Figure 1.94. Weight gain and aurface 
receaaion data for alloy A-2 

(Baae * 5Mo) expoaed to air at 

2200°F. (Cornle and Goodapeed <S9)). 

Figure 1.96. Weight gain and aurface 

receaaion data for alloy A-4 

(Baae ♦ 3A1) expoaed to air at 
2200 F. (Cornle and Goodapeed 

(59)) 

Figure 1.98. Weight gain and aurface 
receaaion data for alloy A-6 

(Baae * 0.1V) expoaed to air at 
2200 F (Cornle and Goodapeed <5®)). 

Figure 1.93. Weight galu and aurface 

receaaion data for alloy A-l (Baae 
♦ STI) expoaed to air at 2200 F. 
(Cornle and Goodapeed <**)). 

'3K' 

<3001 

<?50> 

'200' 

<1401 

(100) 

<40. 

Figure l.BS. Weight gain and aurface 
receaaion data for alloy A-3 

(Base ♦ 3V) expoaed to air at 2200°F. 
(Cornle and Goodapeed <5®)). 
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Figure 1.97. Weight gain and aurface 

receaaion data for alloy A-S 

(Baae * 3Cr) expoaed to air at 
2200°F 

(Cornle and Goodapeed <5®>), 

? 

I 
i 

Figure 1.99. Weight gain and aurface 

receaaion data for alloy A-8 (Baae 
♦ 38e) expoaed to air at 2200dF. 
(Cornle and Goodapeed 



■H1" 

Figure 1.100. Weight gain and aur- 
face recession data for alloy A-10 

(Base + SI') exposed to air at 2200 F 

(Cornle and Coodapeed (38)). 

Figure 1.101. Weight gain data for 

B-66 (Cb-SV-SMo-lZr) exposed to air 
at 2200 F. 
(Cornle and Coodapeed ). 
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Figure 1.102. Weight gain data for 

A-serles Cb base alloys oxidlzeo In 

flowing air at 2200°F. 
(Cornle and Goodspeed <6S)). 

Figure 1.103. Surface recession data 

for A-serles Cb base alloys oxidized 
in flowing air at 2200°F. 
(Cornle and Goodspeed <50>). 

TIM( - HOur. SIM*».«« 

Figure 1.104. Weight gain data for 

B-Serles Cb base alloya oxidized In 
flowing air at 2200 F. 

(Cornle and Coodapeed (5®)). 

Figure 1.105. Surface recesaion data 

for B-Serlea Cb base alloys oxidized 
In flowing air at 2200°F. 

(Cornle and Goodspeed <s®)). 
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Figure 1.10«. Effect of 1 Hour/ 
?400 F pre-oxidation treatment on 

the weight gain behaviour of the 

B-l alloy at 20O0OF. 

(Cornle and Goodapeed ' 91). 

Figure 1.107. Coaparlaon of 

contlnuoua weight gain data for the 
B-l alloy, the high atrength 

Cb-28Hf-15W-4Ta-2Zr-0.1C (WC-3015) 
alloy, and aeveral of Ita experi¬ 

mental modlflcationa. 
(Cornle and Goodapeed ). 

Figure 1.10«. Reaction of 

90 Cb-10 T1 alloy with oxygen at 
1 atm. at 500 and «00°C. 

(Kolehl <60>). 

Figure 1.109. Reaction of 

90 Cb-10 T1 alloy with oxygen at 

1 atm. from 600 to 1000°C. 
(Kolakl t6®)). 

Figure 1.110. Reaction of 

90 Cb-10 T1 alloy with oxygen at 

1 atm. from 1000 to 1800°C. 
(Kolakl i*0»). 
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Figure 1.111. Oxidation behaviour 

of Nb-25 Ti between 850° and 

1000°C in 76 m 02. 
(Felten i6**). 

Figura 1.113. Oxidation behaviour 

of Nb-25 Tl between 660° and 760 C 

(Felten <•»). In 76 an Oj. 

MO 

Figure 1.115. Reaction of 

•0 Cb-10 Mo alloy with oxygen at 
1 atn fron 400 to 600 C (750 to 

1110 F) (Eolahl (63)). 

Figure 1.112. Oxidation behaviour 

of Nb-25 Tl between 850° and 1000°C 
in 76 ma air. (Felten<62)). 
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Figure 1.114. Temperature depend¬ 

ence of linear and parabolic rate 
conatanta for Nb-25 Tl oxidised in 
air and oxygen. (Felten (32)). 

Figure 1.116. Reaction of 

90 Cb-10 No alloy with oxygen at 

1 atn fron 600 to 1000 C (1110 to 
1820 F). (Eolahl <•*>). 

, J 



Figur« 1.117. Reaction oi 90 Cb-10 
Ho alloy «rlth oxygen at 1 ata (roa 

1000 to 1200 C (1830 to 2190 F). 
(Kolekl <63>). 

Figure 1.118. Reaction oi 

90 Cb-10 Mo alloy with oxygen at 

1 ata troa 400 to 1200 C (750 
to 2190 F), laochronal oxidation 
levela. (Kolaki <•*>). 

t. *c 

Figure 1.119. A coaparlaon oi the 

kinetic data troa thle atudy (ualng 

< 100 > Nb.S.SatR Mo aiagle cryatala) 
and thoae oi Rolakl (Roi. 82, ualng 

polycryatalllne Nb-10wt.tMo alloy) 
and Argent and Pbelpe (Rat. 43, 

ualng polycryatalllne Nb-3.4at.t Mo 
alloy). (Taylor and Stringer <•*>). 
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ÍT*,1'*» 

Figur« 1.120. SuMMrjr «lot of 
oxidation rat«s at 1<00°F at aul»- 
lay«rs and aubatratca. 
(Brentnall «t al <•*)). 

Figur« 1.121. Oxidation ratea of 
potential aatrlx alloy«. 
(Br«ntnall «t al (•>>). 
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Figure 1.123. Weight gain as a 

function of oxidation tine for 

¿•alloy/W coaposlte; the letter E 

designates the first observed fila¬ 

ment attack and the hatched regions 
are estimated tlne-teaperature 

combinations for first filament 
attack. (Klein et al <M>). 

Figure 1.123. Oxidation life of 

J-alloy/W composite derived from 

Figure 1.122. (Klein et el <68>). 
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Figur« 1.124. Kff«et of lung«tan 
and bafnlua contant« on tba oxidation 
bahavlour of Cb-«-Kf allojra taatad 
In air for twantjr boura at 2000°F. 
(Rocba and Graban (••)). 

Figur« 1.128. Weight gain and total 
panatratlon for allojra No. 21 
(Cb-14.4W-38.2Rf) and 27 
(Cb-18.8W-36.OHf-6.6T1-0.048N-0.082C) 
alr-oxldlaad at 2000°F. (Rocba 
and Oraban^*8)). 



Figure 1.126. Weight gain and total 
penetration for alloys No. 2B 

(Cb-15.0W-35.6Hf-6.4Tl-0.liC) and 28 
(Cb-lS.7W-34.9HÍ-5.5T1-2.2A1-2.01) 
air oxidised at 2000 F. 
(Roche and Oraba«*®®)). 

Figure 1.127. Oxidation behaviour 

of Cb-132 between 700° and 850°C. 
(Felten <73>>. 
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Figure 1.128. Arrhenlua plot for 

trenoitlon tlaa end linear rate 

eonetant of Cb-132. (Felten <7S>). 

Figure 1.129. Oxidation behaviour 
of Cb-132 between 1093° and 1316°C. 

(Felten <7Ï>). 

Figure 1.130. Relative oxidation 

realatance of Cb-132 (cloaed 
clrclea) and coluablua (open 

dreien) between 900° and 1300°C. 
(Felten <7S>). 



l.Çiilton 2. Tantalum and Tantalum Alloys 

Tantalum forms only one stable oxide, Ta^, and within the 

ranse of^concern only one modification, ¿-Ta^, exists; although 

Kofstad suggests that the transition temperature to the hlgh-tempera- 

ture modification, ar-Ta^ Is reduced by reducing the oxygen pressure. 

At 1250°C the scale formed In oxygen at 0.01 torr consisted of ^-Ta.,0 

plus a little ^Ta^Oj! at 10 torr the proportions were reversed. Again, 

the pentoxlde appears to be an oxygen-deficit n-type semiconductor. 

There are again several metastable lower oxides which appear as dynamic 

features during the oxidation. See Stringer(5) for a detailed discussion 

of these. In the oxidation context the most Important Is TaOz, which 

appears as optically active platelets penetrating into the metal parallel 

to O00)Ta planes from the metal/oxlde Interface. Unlike niobium, these 

platelets do not cease to be stable at a well-defined temperature, but 

do become a less obvious feature at temperatures above 1000°C. It Is 

probable that they are wholly absent above 1100oC. 

As with niobium. Initially oxygen dissolves in the metal without 

the nucléation of an oxide. A sequence of suboxldes appear, their nature 

depending on the temperature, and finally pentoxlde Is nucleated. This 

grows under considerable compressive stresses, and eventually ruptures from 

the surface, the failure often appearing to be initiated by pores resulting 

from the presence of the suboxide platelets. The growth and rupture of the 

pentoxlde Is repeated resulting In a linear oxidation rate and producing 

a laminated porous scale. As the temperature Increases above 800oC, the 

jantoxlde appears to become more plastic, or possibly the growth stresses 

diminish; the laminations become tKcker and eventually, at temperatures 

above about 1050°C, the thick, apparently compact pentoxlde scales can form. 

However, the oxidation rate curves, while no longer exactly linear, are far 

from parabolic, so that It Is probable that microfissures exist in much of 

the outer scale layer. The overall kinetics is often described In terms 

of a'linear rate constant" even at these temperatures, although it has only 

qualitative significance. As with niobium, the oxidation of coupon-shaped 

specimens Is much more rapid at the edges and corners. The rate constant 

Is strongly dependent on oxygen pressure, and at temperatures below 800°C 

this has been Interpreted In terms of an "adsorption model". At higher 

temperatures no wholly satisfactory explanation exists. Figure 2-1 shows 

the rate constants for the reaction from a number of workers; for an 

explanation of the theoretical Interpretation see Stringer*5*. Figure 2-2 

Illustrates the dependence on oxygen pressure(3). The data on both these 

curves comes from a varlaty of aources(77*81) and there 1. general agreement. 

In later years there has been very little work done on the oxi¬ 

dation of tantalum alloys. Generally, alloying seems less effective than 

la the case with niobium, and the high density of tantalum has made the 

Mtal less Interesting as a potential turbine blade material. The literature 

up to 1960 Is reviewed In detail by Schmidt*82*. Table 2-1 lleta the 

weight gain for the oxidation of tantalum alloys at 1200,C, Table 2-11 

Hats weight gam data for alloys oxidised at lOOCC, from Schmidt, at. al.*83*. 

Figures 2-3 to 2-9 present the oxidation data in graphical form. Table 2-1II 

Hats contamination rates, and Figure 2-10 shows the effect of alloying 

on the contamination rate In air at 1200°C. 



Figure 2-11 shows some data for metal recession at 2000“F (1093°t) 

taken from Michael Figure 2-12 shows the variation of oxidation rate 

with composition for Ta-Tl alloys at three temperatures from Klopp, et. al.^®5\ 

«d Figures 2-13 to 2-15 show the effect of various ternary and quaternary 

additions on the oxldattor. of Ta-Tl alloys. Tables 2-IV, 2-V and 2-VI 

Hat oxidation behavior of a number of tantalum alloys at three different 

temperatures, and Table 2-VII lists some data on contamination rates. 

It has already been remarked thit Bablttke and co-workers Included 

tantulum jlloys In their program, and some data has been shown under niobium 

alloys (see Figures 1-72, 1-74 and 1-77; and Tables 1-XXIX, 1-XXX and l-XXXII). 

Figures 2-16 and 2-17 show some results from Babltrke and Katoi5,\ Table 

2-VIII lists data for the oxidation of Ta-V and Ta-Hf alloys from Babltzke, 

et.al.(*8) 
/Q£ \ 

Voitovich' reported that additions of up to 10T T1 Increased 

the oxidation of tantalum and over 257. T1 was required to Improve the 

oxidation resistance In the temperature range 500-900”C. Makarova^87^ 

found that below 600°C the addition of Zr had little effect on the oxidation 

of tantalum and at higher temperatures Increased the rate. 
(88) 

Thielemann patented a range of tantalum-base alloys, typically 

Ta-10-20 wt.7. Cr-2-25 wt.7. W with small amounts of Iron and Interstitials, 

which were claimed to be hot-workable and to have an oxidation resistance 

at 1093^ 8007, better than pure tantalum. 

Because of Its technical Importance, several authors have briefly 

examined the oxidation of Ta-107 W and similar alloys(89_91\ There is 

no general agreement on the effect of tungsten on the oxidation rate, but 

the most significant effect Is that during oxidation cracks develop in 

the metal, and In recrystallized samples extensive separation can occur at 

the grain boundaries^90,. This appears to be related to a strengthening 

of the oxide and an improvement of the metal/oxide adhesion, due to a 

development of pentoxide intrusions Into the metal. 

Dooley and Stringer have recently conducted some detailed studies 

of the effect of small binary additions on the oxidation of tantalum 
(90 92-95) 

■Ingle crystals ’ but these are essentially mechanistic In 

character and lie outside the scope of the present work. 



Table a.I. Oxidation of tantalua 
and tantalua alloya In air at 
1300 C (3190 F). (Schaidt <sa>). 

Alloy Composition, 
weight per cent 

Weight Gain, 
mg/cm^/hr 

Appearance of 
Scale 

lOOTa 

Ta-2. 9B 

Ta-5. 6B 

Ta-7. 4B 

Ta-5Cb 

Ta-IOCb 

Ta-30Cb 

Ta-7Co 

Ta-4. 6Cr 
Ta-11. 3Cr 

Ta-6. 2Fe 
Ta-8Fe 

Ta-lHf 

Ta-5m 
Ta-10Hf 
Ta-30Hf 
Ta-32Hf 
Ta-50Hi 

Ta-68Hf 

Ta-5Mo 
Ta-10Mo 
Ta-20Mo 
Ta-30Mo 

Ta-10Ni 
Ta-49. 3Ni 

Ta-5Re 

Ta-10Re 
Ta-32R« 

Ta-3.3Si 

Ta-O. STh 

Ta-8Th 

105.5 Voluminous, poroua, 
white acale 

138.9 Voluminous, poroua, 
white scale 

94.3 Voluminous, poroua, 
white scale 

59. 4 Porous white scale 

50.6 Voluminous, porous, 
white scale 

55.8 Voluminous, porous, 
white-brown scale 

(a) Voluminous, porous, 
white scale 

114.5 Pink, porous scale 

49.3 Tan, porous scale 
33. 5 Porous, brown scale 

64.4 Porous, brown scale 
50. 1 Thin, adherent, gray 

scale 

154.3 Voluminous, porous, 
white scale 

69. 9 Adherent, tan scale 
47.7 Adherent, tan scale 
28.0 Adherent, tan scale 
39.0 Dark, adherent scale 
18.0 Thin, adherent, tan 

scale 
10.0 Dark, thin, adherent 

scale 

69.9 Porous, gray scale 
51.5 Porous, gray scale 
28. S'0' Porous, gray scale 
(a) Porous, gray scale 

57.0 Adherent, black scale 
18.0 Small amount of black 

acale 

71. 3 Thin, adherent, yellow- 
white scale 

(a) Granular, yellow scale 
25. 0(0 Nonadherent, granular, 

yellow scale 

40.7 Porous, white scale 

101.8 Voluminous, porous, 
yellow scale 

168.8 Voluminous, porous, 
yellow scale 

Reference 

83,84. 

83 

83 

83 

83 

83 

83 

83 

63 
83 

83 
82 

82 

83 
83 
83 

84 
83 

84 

83 
83 
83 
83 

83 
83 

82 

83 
84 

83 

83 

83 



Tabla a.I. (Continuad). 

Alloy Composition, Weight Gain, Appearance of 
weight per cent mg/cm^/hr Scale 

Ta-lTi 

Ta-5Ti 
Ta-10Ti 

Ta-27Ti 

104.2 Voluminous, porous, 
white scale 

39. 1 Yellow, porous scale 
21. 5 Small amount of black 

scale 
21.5 Thin, adherent, white 

scale 

Ta-5V 
Ta-10V 
Ta-20V 

Ta-30V 

Ta-5W 
Ta-10W 
Ta-30W 
Ta-32W 
Ta-50W 
Ta-68W 

Ta-0. 1Y 
Ta-IY 

55.5 Porous, gray-white scale 
68.4 Porous, gray-white scale 

159.9 Voluminous, porous, 
brown scale 

96.2 Porous, gray-white scale 

57.4 Porous, white scale 
61.4 Porous, white scale 
45.7 Porous, white scale 
59. o(c) Thick, adherent scale 
12.0 Thin, white scale 
21. ote) Portion granular, non- 

adherent; thin layer, 
very adherent, yellowish 

90. 1 Yellow, porous scale 
82.8 Yellow, porous scale 

Ta-lZr 

Ta-5Zr 
Ta-10Zr 
Ta-20Zr 
Ta-30Zr 

90.6 Voluminous, porous, 
white scale 

35.0 Gray, porous scale 
32.4 Gray, porous scale 
61.0 Gray, porous scale 
59. 8 Gray, porous scale 

Ta-10Ti-5Cb 

Ta- 10TÍ-5W 

74.7 Tan, thick, adherent 
■cale 

76.0 Tan, thick, adherent 
■cale 

Ta-20Ti-5Al 

Ta-20Ti-5Cb 

Ta-20Ti-5Cr 

Ta-20Ti-5Mo 
Ta-20Ti-5V 

Ta-20Ti-5W 

Ta-20Ti- 10W 

16.7 Thin, yellow-white, 
adherent scale 

28.9 Thin, adherent, light- 
yellow scale 

15.5 Thin, adherent, beige 
■cale 

43. 1 Thin, adherent, tan scale 
19.3 Thin, adherent, dark- 

gray scale 
39.4 Thin, adherent, light- 

yellow scale 
42. 1 Thin, adherent, yellow 

■cale 

Ta-5W- 10V 122.0 Voluminous , porous, 
brown scale 

Reference 

82 

83 
83 

83 

83 
83 
82 

83 

83 
83 
83 
84 
83 
84 

83 
83 

82 

83 
83 
83 
83 

82 

82 

82 

82 

82 

82 
82 

82 

82 

82 



Table 2.1. (Continued). 
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Alloy Composition, Weight Gain, Appearance of 
weight per cent mg/cni2/hr Scale Reference 

Ta-4W-4Hf 

Ta-5W- lOHf 

Ta-8W-8Hf 

Ta-8W- 16HÍ 

Ta-26W-5Hf 

Ta-33W-33Ht 

Ta-48W-4Hf 

Ta-60W-4Hf 

Ta-33W-33Re 

101.0 

72.2 

24.0 

32.0 

64.0 

18.0 

26. 0<c> 

7. 5<d) 

Vf luminous, porous, 
/hite scale 

Thin, adherent, white 
scale 

Very adherent; whitish 
portion spalled 

Portion spalled; whitish 
very adherent 

Thick, nonadherent, 
light-yellow scale 

Thin, very adherent, 
whitish scale 

Thin, spalled, gray 
yellow scale 

Thin, very adherent, 
yellow-black scale 

24. o(c) Granular, nonadherent, 
with thin white 
adherent subscale 

84 

82 

84 

84 

84 

84 

84 

84 

84 

<»> Rate data not available, portion of scale lost at conclusion of lest because of ctucble fracture. 
(b) Sample smoked during test, indicating Muß-.. 
(O Calculated from weight loss after scale removal. 

(d) Probably low value because of loss of tungsten oxide by volatilization. Scale could not be removed 
mcelianically. so value could not be calculated from weight loss after scale removal. 

Tab)« 2.II. Alr-osidatlon rates of 
tantalus and tantalus alloys at 
1000 C (1830 F) <83>. 

Alloy Pérabolu to Lirt««r Linoar 
n position, R«U ConaUnt, Bthov.or, R«t* Constant, 
pM per c»nt (mi/trr^y/hr mmut» m|Am¿'hr 

Slop« of 
Log-Lo| Blot, 

W#i|Ht Com Aftfp lndi(4l«d Timr. 
wig/cm^ 

1001 a 

Td-IOrb 
Ta-w’Of b 
Td-nCb 
lé-AOCb 
Td-SOCO 

Td-ST» 
Ts-10Ti 
Td-¿0Ti 
Ts-IOTi 
Ts-40Ti 

Ts-SHf 
Td-1OHf 
7 d -- OMf 

T*-SV 
Ts-IOV 

T«*SMo 

Td-IOW 

^0Û 
140 
SSC 

1740 
)0¿0 
1000 

210 
¿47 

47 

¿I) 
•bl 

¿¿40 

Ml 

10 
€0 

0.0) 

>H0 
>160 
>160 

10 
40 

¿10 

14 0 

I« • 
6 0 

(• 1) 

16.6 
6. 1 
¿0 
4. ¿ 

¿.1-1 6(b> 

(c) 

(O 
Ul 

•.4 
14. S 

(47) 

1 Hour ¿ Hours 1 Hoof 4 HoJrs ■» hours » Hodf 

0 67 

0. 7fc 
0 SS 
0.41 
0. 4¿ 
0 48 
0.46 

0. 74 
0 61 
0 64 
0.«0 
0.74 

0.60 
0 61 

0.0¿ 

II. • 

¿6. ¿ 
11.6 
¿1. 4 
11.6 
44.6 

41.4 

¿0 1 
14.¿ 
7.4 
4.4 
¿. 1 

14.4 
¿7.4 

6¿ • 

44 4 
¿7 0 
14.4 
44.1 
76.4 
74. 7 

18 1 
¿1.6 
1¿. 4 
II. I 
4. » 

¿¿I 
41 7 

(74)(4) 

11. M 

14 I 
41.b 
70. ¿ 
41.¿ 
41.¾ 

41.1 
10 4 
16.0 
16.« 
6. ¿ 

11.4 
47.4 

(44) 

40. 7 
61.0 
•¿. 7 

102.0 
104 0 

16 ¿ 
14 O 

<l.¿ 
7 l 

41.1 
64.7 

(107) 

104 
114 

41.4 
¿I 7 
¿4. I 
7.4 

(114) 

46.7 
¿4.4 
¿0 6 
•• 7 

67 0 

Td-40/.r 

Td*10Cb*¿0Ti 
T*-¿OC6-IOTi 
Td-iOf ti-IOTi 

To>10r.t»«4V 

Td-l0f ts>i0Cr 

64 
467 
101 

117 

1114 

>160 
174 

>¿70 

0 44 

0 47 
0 41 
0 16 

0 4¿-0 7l(«» 

0.40 

7.6 
¿0 0 
11.7 

114 

«di Vdéa«8 .n pdr«nthi-s«S sr* «sltriMUd. .1..1.....1 iSHOSSSSSSSSSÄS 

U.I Hdt« d«t «««sed (rom ¿ I to 1 6 mg/cfr.¿/br sitar 1 hours' t stdsuon 
(«I TidU * ©old not W obumrd, fines sampl* spsllsd (ontuioously during Ust. 
(di Sp«t ainrn fsll from qusrts rod into furnset sftsr sppr»Bim*Uly 11 minuUs' sapnsurs. 

(•» Slops of log-iog plot chongod from 0.«¿ to 0. T| sftor minuto»1 t^oouro Thio correspondo 

11.1 
10. I 
14. ¿ 

11. 0 

41. I 

14.0 
10. I 
10. ¿ 

¿1.7 

60 . ¿ 

16 1 
44.4 
¿0.0 

¿4 4 

64 0 

II. 1 
41.1 

»4 4 

04.4 

¿0 I 
47. I 

14.« 

71.7 

to tko tronsitioo limo from poroOolu in lm«or Oohovior 



Table 3.11. Air-oxidatlon ratea 

of tantalus and tantalus alloys at 

1200 C (2190 F) <83>. 

( ;>uMtan, 
• r ¢- t per ctnl 

1*4’ .U.iu 
l*4l# f »Uni, 
inn « r> *V hr 

Tr*n«ilion 
la Lm#«r 
Behdviur, 
minat«* 

Linear 
Rate Conaunt, 

Stupe uf 
>g*Lug Plot, 

Wr.ghl Ca n After Jr.U.- ..Ie4 I .ti 
tug ^ 

¿ Huief I Huura 4 lloara S H .«ra t llujra 

lOOTa 

Ta^Cb 
Ta- 10( b 
Ta-àOCb 
Ta - *-'< b 
T a-40t b 
Ta- 0( b 

IISO 
4000 
tal 

«IIO 
•-■io 

no 

fîsO^W 

t«T0t 
14001 

0 bO 

0 Si 
0 Si 
0 JS 
I Ob 
1.4b 
0 •> 

10b 0 

SI I 
41 0 
•4 • 

101 0 

147 0 

Tb • 
40 0 

110 0 
II? 0 

4S 4 
110 0 
114 0 

Ta-ST. 
Ta-tOTi 
Ta-:0Ti 
Ta-JOTi 
Ta-40Ti 

1)10 
14b 
Si 

bO 
ISO 

(401 
14 4 
4. I 
a o 
4 o 

o. Si 
0 40 
0 44 
I OS 
0 4| 

44 0 
)4 I 
II 4 
4 0 

10.0 

44 0 
SI 0 
14 ? 
n.i 
10 0 

I JO 0 
4? 4 
¿0 • 
)1 • 
Ü 0 

»: ? 
¿4 • 
44 • 
It • 

4t 4 
:4 o 

I Ob o 
U : 

Ta-SHf 
Ta-lOMf 
Ta*:0Hf 
Ta-'OMI 

Ta-SV 
Ta*IOV 

ItOO 
llbO 

4SOO 
IISO 

140 
100 

so 
t:o 

(41) 
47 0 
io : 
4.« 

4Í.0 
14. T 

0 4? 
0 74 
0 bO 
0.47 

o t: 
0 ss 

70. 0 
41. 4 
14.4 
41 4 

44.1 
54.4 

I ¿4 0 
?? 4*0 
SI ? 
41 I 

101 • 
•0 % 

101.0“ 
4? 0 
?4 . • 

141.0 
4? % 

?? • 
04 I 

II». 0141 
114 4 

00. ) 

44 4 
47.4 

104 ? 

Ta-SW 
Ta-lOW 
Ta*:ow 

Ta*s¿r 
Ta-:OZf 
Ts-IOZr 
Ta*40Zr 

la-lOf b-:OT. 
T a-:ccb- to r i 
Ta-)Of b-lOI. 

osso 
o:?s<4) 
r:oo 

¿t?o 
ui 
4100 
¿SSO 

no 

bOöO 

>i:o 
>40 

44 0 
a 0 

770 
4b 0 

0 Si 
0.S4 
0 SO 

0 ss 
o io 
0 so 
0 S) 

0. bS 
0 4a 
0 4? 

4i. I 
44. S 
77.0 

SO. I 
OS.i 
4?. I 
07 i 

17.4 

74.4 

lil 0 
lii. » 

74 0 

47.0 

It . I 

III. I 

41. I 

17.1 

»? » 

III.» I»l 4 

0».i 

OSS 

•a s 

SI 0 

I»4. ? 

40 0 

S4 • 

Ta- lOCb-SV 

tbl '.4. 
I. » ban.pie a palled 

b< it <)• at t fu i¿ by 

pa rr nth» • at 
I.i'-V 

< al.rr.att d. 

lilt. 

a70 

bbS 

0 91 

O 7S 

I 00 

(d) l urnate (ailare alter 4 houri. 
(r) Aaeraae of t»w spec trneita. 
Ill C.r». i>.»t dttir.l»* kt ■ > 10t1'1. 
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Tabl« 2.II. Air-oxl<Utlon ratai 

cf tantalua and tantalun alloy* at 
1400 C (2550 F) <B3). 

\ » Haraboiu 
a.t.un, Hdta « x^iUrt, 

*t i.ar »>nt (mg 

Î 4* H h 
T**»0Í b 
14-..( ». 
I4-I »Ct» 
1 4'40 C t> 
Ta-'OCb 

i4-ior. 
T4-¿ct. 
t4-IOT. 
T4-40I* 

T«*I0HI 
T«-J!0Mi 
Î4»I0HI 

Í4-4W 
r«-iow 
Î4*J0W 

T4**>/.r 
Î4 -4Û/. r 

Ta-.OCb-JOT. 
Td-vCCb-lOTi 
Î4* iOCb* IOT - 

. ,.»crb**-v 

!<• < b-IOC r 

- - i i..i » 

to 
H*».4 vior, 
m<nut«* 

L.inr«r 
Räte ( untUM, 

mg ' m*/hr 

ol 
Log«Log Plot, 

1 Ho 

M 
4, tOO 

t>4, 

(II 

I.SOQ 

u.’oo»ui 

dOO'Ji 
(b) 
I b| 
(b) 

(1400) 
lOtO 

(1400! 

9S0 
(/0. 0 

(Cl) 
04) 

1140 

mo 

1400 
UOsI*» 
470 

S7 0 
940 
¿9I> 

1040 

440 

KtO 

0 47 

0 7» 

0 9S 

0 71 
C 41 
0 70 
0 It 
0 77 

0 ¿4 
0 4» 
C 74 

0 Tl 
Ù S4 

0. t. 

o ?: 
0 74 
0.47 

». Ct 

0 IT 

0. 49 
0 I) 
0. Si 

0 9» 

O.li 

0 tfl 

fcl 4 
to. t 
47 0 

lit.9 
70 I 

47 4 

47.4 

• par. r tbt-kf» «n-r5tim4t*d 
' V. 4« I . r. . t ad« <2 t'o r4|i.41y to 4II0» «ccorétr t.»u 

I ( .* *r trat a« *< nord b* • * 117t1'* 

II .r .«- ‘.rat ar*. f .tied ty |>4r«bol.t. rquAlto*. 0>.d4tion r4lr «a«» i4t4»trop».u 
a. A • a r 4 a' ■ : tatu a^t. .rr.rr. a 
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Tabla 3.111. Contamination 
coafflclonta «f tantalua and tantalua 

alloy a at 1300 C (3190 r><M>. 
(Schmidt at al <**>). 

Alloy Composition, 
weight per cent 

lOOTa 

Contamination Rate, 
/eec 

1.1 X ,-b 

T«-5Cb 
Ta-10Cb 

1.5 X I0*6 
1.5 X 10‘‘ 

Ta-SHf 
Tx-IOHi 
Te-lOHi 
Ta-MH( 

8. 0 X 
b. 0 X 

6.0 X 
7.4 X 

Ta-SMo 
Ta-10Mo 

8.8 X 
5. 9 X 

Te-lORe 1.7 X I0*7 

Te-3. )4Si 8.4 X I0** 

Ta-ITh 1.6 X 0' 
7 

Ta-JV 
Ta-10V 
Ta-30 V 

1. 9x 10*7 
I. 1 a 10*7 
I.S X I0*6 

Ta-SW 
Ta-IOW 
Ta-10W 
Ta-SOW 

1.1 X 10*k 
5.0 X 10*7 
6.6 X 10** 
l.S X 10*7 

Ta-S*» 
Ta-103r 
Ta-10Zr 

9. 0 X 10** 
S. 0 X IO"* 
1.0 X I0** 

Tabla 3.IV. Oxidation bahavlour of 

tantalua allova at 1000°C. 
(Klopp at al (M)). 

Adjusted allii) 
compn., 
wt-*/.* 

lOOTa 

TaMTi 
Ta-ÎOTi 
Ta-40Ti 
Ta-60Ti 
Ta-M)Ti 
lOOri 

Ta-ÎOTi-1 Al 
T8-20Ti-1Cr 
Ta-ÎOTi-IAI ICf 
Ta-ÎOTi-IAI-ISi 

Ta-30Ti-4AI 
Ta-30Ti 20 
Ta-30Ti9Ct 
Ta-30Ti ISi 
Ta-301i IBc 
Ta-30Ti-$AI 40 
Ta-30Ti-5AI-lSi 

T8-40TÍ-5AI 
Ta-40Ti-IOAI 

S0Ni20Crh 

Initial Time for 
paiaholic (ransition 

rate, to linear 
(ntg/ behavior, 

cm,)îhr min 

97 210 

S.S >360 
I.S4 >360 

32 400 

10 40 
5.5 40 
6.5 200 

2.4 >720 
3.9 ISO 
1.4 660 

27 120 

0.19 >900 
0.27 400 

(3.2) ''WO 
0.103 >900 

0004 - 

Linear Wc,Sh' 
rate. *»•" 
mg/ "•* 

cm1/hr hf , 
_mg/cnr 

39 (119)* 

2.1 24.4 
4.2 21.6 

(2) 1.7 
5.7 

- 3 
I 13.7 

(1.5) 11.5 
(1.7) 12.1 
0.75 7.3 

(2.5) 18.8 

3.« 
055 5.7 
0.21 2.9 
5 18.6 
2.2 14.1 

1.21 
0.12 1.30 

4.6 
0.84 

- 0.2 

Thickness of 
adherent subscale, 

mils 
Calc. Measured 

1.4 0.5 
0.9 0.15 
0.8 0.15 
0.7 0.5 
- 0.3 
0.4 0.15 
0.3 0.5 

1.6 0.5 
0.3 0.2 

'Compositions adjusted for melting losses. 

*Eitimated dala in parentheses. 



TabU 2.V. Oxidation behaviour of 
tantalua alloya at 1300oC. (Klopp 
at al <M>>. 

Adjusted alloj 
compn., 

wt-*/.* 

Initial Time for 
parabolic transition 

rate, to linear 
(mg/ behavior, 

em*)*hr mm 

Linear 
rate, 
mg/ 

cm‘/hr 

Weight 
gain 
in 6 
hr, 

mg/cm1 

Thickness of 
adherent subscalc, 

mils 
Cak. Measured 

100 Ta 

Ta-MTi 
Ta-JOTi 
Ta-40Ti 
Ta-60Ti 
Ta-HOTi 
lOOTi 
Ta-20TilAI 
Ta-20Ti-ICr 
Ta-20Ti-IAI-2Cr 
TaMTilAI-ISi 
Ta-30Ti-4AI 
Ta-30Ti-2Cr 
TaWTi-9Cr 
Ta JOTi ISi 
Ta-30Ti IBe 
Ta-30Ti-5AWCr 
Ta-30Ti-5AI ISi 

Ta-40TiSAI 
Ta-40Ti-l0AI 

80Ni-20Cr 

146 
SS 

S3 
21 

(100)* 

100 
140 
21 
42 
17 
IS.5 
5.8 

SS 

4.1 
2.9 

14 
3.9 
013 

ISO 
45 

>360 
>360 

200 

30 
60 
60 
70 
20 
30 

130 
100 

>360 
320 
60 

>360 

110 
4.1 

12 
9 

3.8 

6.7 
8 

(4.5) 
IS 
4 

(3.9) 
0.62 
3.3 

13.7 

2.3 

33.2 

S6 
17.5 

11.5 
33.3 

45.6 
51.4 
24.9 
19.3 
20.2 
21.7 
6.IS 

24.3 
86 
S.I0 
4.33 

ISI 
4.76 
1.3 

0.S 
0.5 
1.2 
2.1 

1.3 

0.8 
1.6 

02 
0.3 
0.3 
0.3 
0.4 
0.3 
OS 
0.2 
0.3 

'Composition adjusted for melting losses. 

‘Estimated data in parentheses. 

Table 2.VI. Oxidation behaviour of 
tantalua alloya at 140O°C. (Klopp 
et al <M)). 

Adiiisled alí.n 
compn . 
at"„* 

Initial lime for 
p.ir.iholu tr.in»ition 

rale. lo linear 
(mg heh.isior 

cmVhr min 

1 mear 
rate. 
mg 

sur lir 

Weight 
gain 
in h 
hr. 

mg im- 

I hukne" ot 

adherent sub-vale, 

mils 

( alv Mc.l'Ul.d 

lOOTa 

Ta-20Ti 
Ta W11 
Ta-40Ti 
Ta-60Ti 
Ta-hOTi 
100 li 

Ta-20Ti IAI 
Ta 20Ti ICr 
Ta 2011 IAI 2( r 
Ta-20Ti IAI ISi 

Ta-30Ti-4AI 
Ta-30Ti-2Cr 
Ta-tOfi-ÍCr 
Ta-.tOli-ISi 
Ta-KiTi IBe 
Ta 30Ti *AI 4( r 
Ta-tOTi VAl ISi 

Ta 401 i SAI 
Ta-40Ti-l0AI 

27 
3*3 

(1200) 

(300) 
S3 

160 

144 
32 

(200) 

*2 

.360 
>360 
(100) 

20 
110 
60 

120 
100 

(20) 

1*0 

02001' 

60 
(61) 
(39) 

(13) 

(30) 
(60) 
(30) 
132 

(14) 
32 
4 7 

119 
(130) 

3 7 
(6) 

*6 
; s 

22 9 
4* I 

93 6 

139 

23 
6X 

40 3 
22* 

63 K 
23 

(13) 

14 
I 7 

3 I 
(0 7) 

(3) 
40 

03 
02 

0 I 
02 
04 
03 

03 

'Compositions adjusted for melting losses 

‘Tstimaled data in parentheses 
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Tabla 2.VII. Alr-coataalnatloa 
rataa of taotalua aad tantalua-baaa 
alloy a at lOOQOC. (Klopp at al<M>>. 

Compn. Air-containin.ition 
wi-“„ rate, cm,/sec * 10* 

lOOTa 340 
Ta-60Ti 18 
Ta 80T¡ 16 
lOOTi 1.4 

Ta-30Ti-4AI 6.8 
TaJOTi-ICr 26 
Ta-JOTiVCt 21 
Ta-JOTi ISi 3.7 
Ta-30TilBe 18 
Ta-30Ti SAI 4C r 5.3 
Ta-30Ti-5AMSi 9.8 
Ta-4011 SAI 4 

Ta-40Ti- I0AI »I 

Tabla 2.VIII. Oxidation rataa of 
Ta-V and Ta-Hf alloya (Habitaba at 
al (46)). 

Alloy Coapooltton, 
At.X 

100 Ta 2.0 

Ta»5V 0.1 

To-OV 1* 

Ta-lOV I 

Ta-12V 1 

Ta-15V I 

Ta-20V 1 

Ta-30V 

Ta-AOV 

Ta-IONP 1 

Ta-ISHF 0.2 

Ta-20HF I 

Ta-33HF 0.1 

Ta-50HF 0.0 

* 1 a Inaufficlant anido for dotocttoo. 

0.0 

S.S 

1.0 

1.1 

2.4 

1.1 

1.1 

1.1 

2.2 

1.1 

1.1 

1.5 

1.0 
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Figure 2.1. The oxidation rate ot 
tantalum at an oxygen pressure of 

760 torr as a function of temper¬ 

ature, ahowing the fit of the 
adaorp:lon model, from Stringer^). 

HUM S ï $ 

Figure 2.2. The linear rate 

constant (klln j and kun n) for 
oxidation of tantalum as a function 

of 1/T. (Kofatad (3)). 

Figure 2.3. 1-hour weight gains of 
binary tantalum-titanium alloys in 
air (94,99), (Schmidt (83)), 
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Figure 2.4. 1-hour weight gain* of 

binary tantalun-zlrconlun alloya in 
air (94.89). (Schmidt (82). 

Figure 2.5. 1-hour weight gain« of 

binary tantalun-hafniua alloya In 
alr (94,90). (Schmidt (82). 



Figure 2.6. 1-hour weight gains oí 

binary tantalum-vanadium alloys in 
air (8^,99). (Schmidt (82)). 

Figure 2.8. 1-hour weight gains oí 

binary tantalum-tungaten alloya In 
air . (Schmidt (M). 

Figure 2.7. 1-hour weight gains of 

binary tantalum-columbium alloys in 
air (941 (Schmidt (82). 

Figure 2.9. 1-hour weight gains of 

several binary tantalum alloys In 
air at 1200 C <M.99>. (Schmidt <*2), 
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Figure 2.12. Weight gaine ci 
tantalum-tltaniuir alloys oxidized 
for 6 hr in air at 1000, 1200, and 
1400°C. (Klopp et ul <85>). 

Figure 2.14. Effects of chromium 

and aluminium-chromium on the oxid¬ 

ation behaviour of tantalum-titanium 
alloys at 1400°C. (Klopp et al). 

Soy 

Figure 2.13. Effects of aluminium 
on the oxidation behaviour of 

tantalum-titanium alloys at 1400 C. 
(Klopp et al). 

o 

Figure 2.15. Effects of silicon and 

aluminium-silicon on the oxidation 

behaviour of tantalum-titanium 
alloys at 1400°C. (Klopp et al). 



Figure 2.16. Oxidation data for 
tantalua alloys - 1000 C. 
(Babitze and Kato 

T-1-1-1-T-1-T 

Figure 2.17. Oxidation datr for 
tantalum alloys - 1400°C. 
(Babitze and Kato (81)). 



Section T._Tunkst en und Tiinpsten A11 ovs 

The early work on tungsten and its alloys has heen reviewed in 

considerable detail by Barth and Rengstorf f ' and other reviews, in less 

detail hut including a number of more recent references, will he found in 

Refs. 3 and 4. Tungsten is relatively oxidation resistant below 700°C or 

so, but in the range 700-1200‘C the oxidation becomes progressively more 

rapid, with an outer porous yellow laver of WO^ and a thin inner laver of 

lower tungsten oxides. Above 1200r'C the oxidation becomes catastrophic 

due to the volatilization of the WO^. 

The rate of oxidation above 700‘C or so is most usually 

descrlhed in terms of an "paralinear" model, in which the initial 

rate is parabolic as a protective oxide builds up, becoming linear as it 

transforms to a porous non-protective outer layer. The linear rate constant 

depends on oxygen pressure, the general behavior suggesting a dissociative 

adsorption step is Involved in the reaction. Figures 3-1 to 3-16 and 

Tables 3-1 to 3-V present data from the earlv investigators. 

At elevated temperatures, the overall removal of metal Is 

determined by the evaporation of WO^, and this appears to involve diffusion 

through a gaseous boundary layer: the rate is thus highly dependent on 

gas velocity. Figure 3-17, taken from Reference 3, shows some data, 

and Figures 3-18 and 3-19 show the evaporation rates of relevant species. 

Both Perkins ^^ and Bartlett and McCamont^ ' have noted that the rate 

of recession of various crystal faces differ, the latter finding that the 

oxidation rates decreased in the order flOO) (111) (110). The reaction 

rate with the (100) surfaces was 6-7 times that with the other two faces. 

The rate of volatilisation of the oxide species also depends stronglv on 

the water vapor content of the atmosphere as shown in Figures 3-20 to 

3-22. There have been recent detailed studies of the thermodynamics of the 

oxidation process, and of the temperature dependence of the gas phase 

composition, by Culbransen an(| by Neumann and Muller^^\ 

There have heen several studies of the oxidation of tungsten at 

very high temperatures and low oxygen partial pressures in connection 

with the behavior of lamp filaments. This lies outside the scope of the 

present Handbook, but for a recent review of the general studies and 

presentation of much of the data see Batty and Stlcknev*12'; Figure 3-23 

taken from their paper presents most of the kinetic data. 

There has been relatively little work on the oxidation of tungsten- 

base alloys. The early work is again reviewed by Barth and Rengstorff^6 \ 
Semmelfound that niobium additions produced a significant improvement 

In the oxidation resistance of tungsten, as shown in Figures 3-24 and 3-25. 

Semmel remarked that small additions (5 to 107.) of Co, Tl, Zr, V, Cr, and 

Mo had little effect on the oxidation resistance; Ta behaved much like 

Nb In a preliminary test. Prokoshkin, et. al.^18^ have also studied the 

effect of Nb on the oxidation of W, and their results are presented in 

Table 3-VI. Semchyshen and Barr^19' found little improvement with 1.07. Nb, 

in agreement with Semmel, but 1.57, Nb produced a noticeable reduction In 

rate--Flgure 3-26. Figures 3-27 and 3-28 show other systems studied in 

the same program, and Figure 3-29 compares the effect of four alloying 

elements. 



Marmor/' reported that chromiiim additions were beneficial; 

Table i-VIl shows oxidaton rates of a number of alloys ln bln program, 

nnd Table 3-V11I is a later set of results. However, it seems likely that 

verv large chromium ontests would be required to produce significant 

improvement s 
Cl 211 

Table 3-1X is a set of results from Holtx and Van Thvne 
n22> 

/1 
Arkharor and Kozmanov Investigated the oxidation of W-le alloys con¬ 

taining up to bCT W. The 60W-40I'e alloy oxidized slower than Armco iron 

UP to 800Y, forming an oxide of Ke 0 be,0, and FeWO Above 8°0 there 
^ 3 1 “ (124) 

was an abrupt acceleration In the oxidation rate. Doerr, et. al. have 

examined the oxidation of W-fo alloys: up to 9.7 wt." (o a linear rate 

law is observed at 727 and 827°C. At 9.7 wt.”’. Co a reduction in rate at 

727 ( occurs. At ^9.3 wt.” Co, the alloy was 17 times more resistant than 

W in a 7 hour test at 827 C. The principal components of the scale were 

a Co^°^ outer laver, a (oWO^ intermediate zone, and a wjg0£<) inner zone. 

(1 ?S) 
Kvans has observed tiiat while W-10" Cr alloys do not have 

particularly good oxidation resistance, the addition of small amounts of 

palladium produces a dramatic improvement. Tables 3-X and 3-Xl report 

the oxidation life of specimens in the form of 4 mm rods, 13 cm long 

heated by resistance heating. The specineie a 1 1 oxidizi-d quite slowly 

until immediately before failure, when there was a catastrophic collapse. 

Figure 3-3° shows the oxidation behavior of some as-sintered allovs and 

Figure 3-31 shows the effect of palladium. If the chromium oxide layer 

present on the as-sintered material was removed by grinding to pro luce what 

Evans referred to as an "untreated" surface, the oxidation rate was in some 

cases rapid from the start. Figure 3-3? compares the oxidation of as-sintered 

nnd untreated specimens. 

Andes and Meckelhave reported an extended study of a number 

of ternary tungsten-based systems, using a standard test of 5 hours at 

1200°C in flowing air. Following the test, the weight of metal plus oxide 

was measured, and then the thickness of the metal remaining was measured 

metal 1ographlcal1v. Figures 3-33 and 3-34 show the oxidation behavior of 

the binary alloys. For the vanadium and zirconium containing alloys, the 

scales were molten for all the compositions studied, so the alloys were not 

analyzed: it is probable that considerable losses of Zr and V were obtained 

on melting. Figures 3-33 to 3-43 show the idation behavior of the ternary 

systems: the best oxidation resistance was in the W-Cr-Ti svstem. 

Wilson and Mcl'insey^'studied the tungsten-niobium-tantalum 

system. Their oxidation results at 2190^ ni99°C) In terms of weight gain 

in 4 hours in oxvger are shown in Figure 3-47, The shaded areas represent 

regions where the improvement over the elementary metals is less than 

tenfold. 



Table 3.1. Oxidation of tungaten 

la 1 hour. (Seanel *100>). 

Yi How dm) Gray 

I < tope rat in , Oxirir Thickness 

K per Side , mil* 

Blue Oxide Total Oxide Tungsten Weight Weight Gam 

Thickness Thickness Loss Gam, Weight 

per Side, mils per Side mils per Side, mils g/cm“ Loss x 10“ 

I.SOI) 

1 s0(l,a) 

1**00 
J000 

J000 

jioo 

■MOO*41 
^JOO 
:jiio<4I 

: too 
: too 
.100 

top oxide 

„•■tUU 
bottom 

» oxide 

:^00 (a) 
top oxide 

ooltom 
ox nie 

10 7 
10 1 

17. fc 

-7. t< 

0 

14 ¿ 

iJ. H 

^ t. ¿ 

¿4. S 
17. S 

1M 4 
17. ¿ 

l¿. ¿ 

7.4 

(il Oju i s .ii.Mid buch of 9?. 9íf!t lungacn. 

<1 
<1 
• 1 

<1 

<1 
<1 
<1 

<1 

<1 
1.9 
¿.O 
3.0 

3. 7 

0. ¿ 

10. 7 

10. 1 
17.t. 
¿ 7. H 
JO. 0 

14. J 
tJ. tt 

Ji. J 
¿4. $ 
10. 4 
JO. 4 

JO. J 
IV 9 

7. (i 

15. 5 

14. 5 

J. » 0 017 I t 
JO 

3.J 0.06J 1.9 
V 3 0. 101 15 
5 5 

7.0 0 IJ7 1.x 
7. I 

4.8 0 108 J. i 

5. 0 
V 7 0.06J 1.1 
S. 7 
b. 8 -0.057 

11.0 - b. 3 

¡0. 5 

Table 3.11. Oxidation of tungsten 

and molybdenum in 1 hour. 

(Semmel <100>). 

Tungsten Molybden rn 

Molybdenum Tungsten 
Temp Loss per Loss per 

T_Side, mils Side, mils 

1800 ¿9.7 ¿.3 
1900 30.2 3.2 
2000 32. fc 5. 3 
2100 35.0 7.0 
2200 37.2 4.8 
2300 39.6 5.7 
2400 41.8 6.8 

2500 44.0 ti.O 

Loss per Molybdenum Loss t 
Side, mils. Loss + Tungsten l.o,-. 

All Tits Tungsten All Hits 
Henioved_Loss_Removed 

3-0 12.9 9.6 
5.1 9.4 5.5 
6- 9 6.2 4.6 
8. 6 4. 9 4. o 

7.2 7.6 5.1 
5.7 6.9 6.9 
6. 8 6. 1 6. I 

li-O 4.1 4.1 

Table 3.III. Oxidation of unalloyed 

tungsten in flosiing air. 

(Anthony and Pearl 

Temperature, Mass Velocity, Thicknesj Increase 

_F_lb/ft^-in. mils/side/hr 
Surface Recession, 

mils/side hr 

1700 500 3.7 
1700 1500 4.1 
1700 1500 3.6 
1700 4000 4.6 
2000 500 35.8 
2000 1500 34.0 
2000 1500 33.3 
2000 4000 36.8 

. 85 
1.0 
.95 

1.3 
11.0 
10.9 
10. 8 
II.0 
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Table 3.IV. Cuide thicknesb veraub 
tt«e, tungaten oxidized at temper¬ 
ature* of 500 to 1150 C, 7.6 cm of 

oxygen pressure. 
(Gulbransen et al t“".»*'). 

0*. *. un* 
it * ju J T • t. r_r_ 

Tt A*-y * ( 
3-. 

Adhere i1 
O*. Jt 

5 .irfit c 

see 
sy 
6CC 

s.:: 
13.5 
it. 3 

6*. 4 

31.0 

54.0 

!l*.6 

4-.3 
3i.r 

H9 
4^3 

ltJ.> 
ISO. 5 
353.5 

1.025 

60(/4) 

60(/^ 
«12.5 

625 

33.5 
84.4 

30.0 

129.5 

¡43.4 

135.8 
149.0 

211.1 

523 

49t 

1,08»» 

1,025 
509 1.272 

77t 1.615 

625 

637 5 

139.7 

152.4 
263 

254.5 

1.342 

930 

2.880 
1.815 

650.( 

650.0 

701* 

750 

750 

750 

775 

100 

POi 

821 

851» 

90Í 

950 

22b 

230 

550 

1.048 

1.180 

1.342 

1.468 

1.593 

l,73t 

1,833 

2. 98(- 

2.510 

3,620 

130 

390 

933 

1.597 

1.715 

1,740 

2,005 

2. 135 

2.310 

2.760 -• 

4.94* 10.031» 

4.060 17.600 

2.93c 

2.305 

1. 130 

1.304 

2.420 

3,340 

4. 13C 11, iOC 

3.742 

4.980 

8.78( 

3.30( 

5. 94c 

35l 

9y 
1000 

3.950 

4.320 

*. 11» 

6.14( 

€.540 

14.48 

. j ,7 

UUO 
Hit 

ll.*> 
lb, UV(*. 
M. "OV 

SI,*» 
:«. Ji, 

l»t Ihxi lu,>.4 ,t 1 bbC iwt'inijii. 
(b( 11,4(.. . 1.1,4 .,4 ot.iui hi at Cub C. 

171 

IM 
444 

I. 4*0 

H!-C ti.4. r Subi. 

I 

sub:. 

1, *20 
1.414 

I, 710 

J. lbO 

Bloc M,. , 
Blue bU( 4 bllli 

giren c4ge> 

Blue bl.i 4 

Blue blue4 

Blue bi,.e 

BUed eith >ellob 

■pen 

Subie 
Subie 

Subi. 

Suhl. 

Subic 
Stable 
Subic 
Spalled 

Spill 
Stable 
Subi. 
Split 

4.1(1(0 
3.680 Blai4 mili jclluw 

k.020 

4,300 

Blue blac4 with 
yellow covcnng 

Blue blac4 wlih 
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Table 3.V. Oxide thickness versus 
tine, tungsten oxidized at temp¬ 
eratures of 600 to 1100 C, varying 
oxygen pressure. (Culbransen et al, 
$8,99). 
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Table 3.VI. The Influence of 
thermal cycling on oxidation life. 
(Evana <la5>). 

__Wt,> Nb_ 
T'C 0 1 S 10 15 20 10 40 50 

1000 14.45 4.32 3.06 2.21 2.26 1.0 2.06 1.79 

1100 73.00 4.17 5.74 3.21 1.87 1.90 1.0 3.00 3.10 

1200 13.80 5.32 4.84 4.45 2.36 1.90 1.0 4.49 6.15 

1300 16.30 -. — — 1.32 1.25 1.0 

The figures are the ratio of the Increase of weight of the 
allovs relative to the increase In weight of the allov with 30'' Nh 
after 4 hr oxidation In air. The weight gains for the WOO? Nh 
allov were : 1000"C, 14.2 mg/cm?; 1100°C. 19.4 mg/ciir; 1200 C. 
27.2 mg/cnr ; and 1300°C, 55.0 mg/cnr. 

Table 3.VII. Oxidation of tungsten 
binary alloys In dry oxygen. 
(Haraon 

Unalloyed W 
*Cr 
S Cr 
10 Cr 
ao Cr 
10 Cr 
1.47 Si 
0.17 Si 
1.41 Si 
11 Cb 
SO Cb 
11 Cb 
40 Cb 
Il Ta 
41 Ta 
10 Ti 
30 Ti 
10 V 

400 
370 
140 
ião 
330 
320 

37 
220 
240 

70 
13 
11 

Spelled 
7 

Spalled 
Spalled 
Exothermic 
Molten oxide 

Spalled 

Spalled 

Spalled 

. 



Table 3.VIII. Oxidation of 

chromium-tungsten alloys in dry 
oxyg i. (Harmon ^20)) 

Alloy, % 

Unalloyed tungsten 

9- 0 chromium 

26. 6 chromium 

42. 2 chromium 

Weight Cain, mg/ 
cm^, in. . 100 Hr 
1200 C 800 C 

60,000 

45,000 

Spalled 17 

II 26 

Table 3.IX. Oxidation of scrr tunosten- 
base alloys in air at 2000 F. 
(Holtz and Van Thine (122) ). 

_Composition_ Weight Cain in Air, 
*_ÎÜ__Other _mg/cm¿/hr 

90 7 3 gj 
93 4.9 2.1 »s 
97 1.8 1 g 55 

7.0 1.5 1.5A1 <!00(a) 
90 5.25 2.25 2.SCr 67 
90 5.25 2.25 2.5Mo 63 
90 3- 25 2.25 2.5Cb go 

(•) Ll'fcv *rnghi gsm m»y hi*«.- been [tilted lo pormny «n the specimen. 

Table 3.X. The Oxidation lives of seme 
W-Cr-Pd alloys tested in air in the 
as-sintered condition^ Specimens heated 
ohrically. (Fvans (125)). 

Temper¬ 
ature 

0C. 

Oxidation life hrs. 

iVt Cr 
0 r/e P d 

5". Cr 
1.051 Pd 

55) Cr 
2.05) Pd 

105) Cr 
0.15) Pd 

T
3

 
U

eu 

o
 p

 

105) Cr| 155) Cr 
2.0¾ Pd11.0f,) Pd 

1200 
1300 
1400 
1450 
1500 
1600 
1700 
1800 

417 
60.5* 
49 
<'/* 

434 
>68 

22 
13 
< '/« 

434 
60* 
10 
10 
<*/1 

84* 
34* 
85 
<*/« 

550 

100 
>94 
>50 

7.5* 
1.4* 
1.0 

6* 

1.0* 

> 14 
14 

Table 3.XI. Tbe influence of thermal 
cycling on oxidation life. (Lvans (125)). 

Alloy 
Upper cyc¬ 
ling temper¬ 
ature °C. 

No. of 
cvclet to 
failure 

Cycled life 
at temper¬ 
ature hr. 

Non-cyded 
life nr. 

W. 5¾ Cr-0 15) Pd 
V- 55) Cr-15) Pd 
W- 55) Cr-1' ) Pd 
W-105) Cr-D Pd 
V-105) Cr-15) Pd 

1317 
1317 
1400 
1400 
IS00 

94$ 
>201 

613 
1956 
516 

31.5 
>6.7 

20.4 
65.2 
17.2 

60.5 
47.0 
22.0 

100.0 
25.0 

■ -.—.-.—. * 



Figur* 3.x. Oxidation of tungatan 

at 700 and 800 C. (Webb at al (*?>). 

Figure 3.2. Oxidation of tungsten 
at 900 and 1000. (Webb et al <97>>. 

T.»Tie .mi f 

Figure 3.3. Oxidation of tungsten 
800 to 930 C, 0.1 ata oxygen. 
(Culbranaen et al ("."i). 

Figure 3.4. Oxidation of tungsten, 

950 C to 1150 C, 0.1 ata oxygen. 
(Culbranaen *t al (•••W). 

Figure 3.5. 

wire saaple, 
Oxidation of tungsten 

1100 to 1200 C, 0.1 ata 
oxygen. 

(Culbranaen et al t®**®®)), 

"•»#, (ft ft 

Figure 3.8. Oxidation of tungsten 

wire saaple, 1200 to 1300 C, 0.0013 
ata. oxygen 

(Gulbraneen et el **>). 
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Figura 3.7. Oxidation of tungsten 

at 600 C, affect of oxygen praaaure. at BOO C, affect of oxygen | 
(Gulbransen at al 

Figure 3.9. Oxidation of tungaten 

at 1080 C, effect of pressure. 
(Culbransen at al <•■•••>). 

*C«cuaft 

T*»,** 

Figure 3.11. Oxidation of tungsten 
and volatility of oxide tornad, 

1080 C and 0.0112 atn of oxygen. 
(Gulbransen at al <••**•>). 

Figure 3.13. Oxidation of tungsten 
at 800 Coverage values). 
(Speiser <102>). 

575 

(k i20 )60 200 
riiTw.mTi 

Figure 3.8. Oxidation of tungaten 

at 980 C, effect of pressure. 
(96,99),. (Gulbransen at al 

Figure 3.10. Oxidation of tungsten 

vire sample, at 1200 C, effect of 
pressure. 
(Gulbransen et al l8*-**',. 

0 *000 2000 3000 4000 5000 6000 7000 8000 9000 

Tim», sec 

Figure 3.12. Oxidation of tungaten 

at 690 C (Average values). 
(Speiser, 002),. 

*000 2000 3000 4000 5000 6000 7000 0000 9000 *0000 

T*m*,$»c s-»to»? 

J 
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Figure 3.14. Oxidation of tungaten 

at 980 C (Average valuea). 
(Spelaer . 

Figure 3,15. Oxidation of tungaten 

at 1100 C (Average valuea). 
(Spelaer (102)) 

Figure 3.16. Linear rate conatant 

for oxidation of tungaten aa a 

function of oxygen preaaure. After 

Baur at al <loS) and Oulbranaen at 

al (98), taken fron Kofatad (3). 
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* 

Figure 3.17. Surface receaalon ratea 

in hlgh-teaperature oxidation of 
tungsten as a function of 1/T. 
After Ferkina et al 004,105) aB<j 

Bartlett 00«) ; taken fron Kofatad(3> 

Figure 3.18. Relative évaporation 
ratea of tungaten oxides, oxygen 

atona, and tungaten netal as a 

function of tenperature during oxid¬ 
ation of tungsten aa 3.1 x 10*4 

torr 02. After Schissel and 
Trulson 006). troB gofetad <3>. 
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57K 

Figur« 3.IS. Evaporation ratoa of 
dlfforant gaaaoua apaclaa during 
oxidation of tungatan at S n 10"* 
torr 0g an a function of 1/T. Solid 
llnaa rapraaant calculatad valu«« 
fron tb« klnatlc nodal. Aftar 
Schlsael and Trulaon dOt). fron 
Kofatad O), 

Figura 3.SO. Variation af VOg 
volatility rata «Ith «atar vapour. 
(Spalaar and St. Flarra a07'). 

Figur« 3.21. Variation of VjgOgg 
volatility «Ith tha partial praaaura 
of «atar. 
(Spalaar and St. Flarra dOT)j_ 

Figura 3.SS. Variation of tb« SOg 
volatility rata eonataat «Ith tha 
higo* (Spalaar and St.Flarra d°T)). 
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Figure 3.24. The oxidation ol 

tungster-columtiutt alloyE at 2000 F. 
(Semine] •HT)), 

Figure 3.23. Kate oi oxidation oi 

tungaten at high temperature (1 tOC!° 

T ■ 35(X) K) and lo» pressure 

(4.5 X IO'7 • p'02. 11.5 Torr). 

Tiie volatilization rate, g», is 

defined as the number of tungsten 
atoms removed from the surface per 

cm2 per sec by oxidation and by 

sublimation. (Multiply g„ by 1.1 x 

lO"*1* to obtain the »eight loss in 
grams per cm2 per hr.). Experimental 

data (Oj partial pressure, p'Ou, 
expressed in Torr) Eisinger,13* 

4.5 x 10-7 (0) and 1 2 x 10*® (*>1 
Anderson, 7.6 x lO*6 (0), 
7.6 x IO’5 (■), and 7.6 x 10-4 (6)! 
Bartlett. O06) 7.6 x 10"3 («) and 

7.6 x 10*2 (A); Rosner and 
Allendorf, <U5) 7,0 x 10"2 (4 ) , 
Perl ns et al, (104) y, j ( O), 

alsh et al <“6) 1.15 (▼) and 

11.5 (V). The solid curves «ere 
computed on the basis of the 

(|uasi-equillbrlum model for 

pressures, p'og. corresponding to 
the experimental measurements. 
(Bstty and Stickney Ol*). 

Figure 3.25. The oxidation of 

alloys at 2300 F. (Semmel (137)). 
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Flgurt 3.26. Kite of ostdation r.f 
arc-caat tuncatan-gradad coluablua 
alloy at 2000 r la air. 
(Seachyahen and Barr ÍH*)). 

Figura 3.27. Rata of oxidation of 
arc-caat aolybdanua-tungata- alloys 
at 1750 F la air. 
(Senchyshan and Barr d*®)). 



figure 3.2*. Rate of oxidation of 
urc-catt tungsten-graded titanium 
alio) at 2000 f in air. 
(Reach)then and Barr fH®)). 

Figura 3.29. Rate of oxidation of 

arc-caat tungaten-baae alloya at 
2000 F in dry air. 

(Senchyahen and Barr 



Figure 3.30. Typical «eight gains 

observed In aa-alntered W-Cr-Pd alloys 
at 1300°C . 

Figure 3.3a. Coaparlson of oxidation 

curves of untreated and aa-alntered 
alloys. (Ivaaa 

Figure 3.34. Surface recession per 

side (cn) of tungsten-base binary 

alloys sfter Sbr at 1300 C in flow¬ 

ing air. (Nonlnal conposltions). 
(Andes and Hechel 

* ' 

•1*0^ % f J- J . -*■ 

Figure 3.31. The effect of palladlun 

on the oxidation resistance of aa- 
alntered H-lOt Cr alloys. 
(Evans 

Figure 3.33. Surface recession per 
side (cn) of tungsten-base binary 

alloys after S hr at 1300 C la flow¬ 

ing air. (Analysed conposltions). 
(Andes and Hechel <ia8>). 

Figure 3.35. Surface recession per 

aide (cn) of tungaten-vanadlun- 
slrconlun alloys after 5 hr at 
1200 C la flowing air. (Nonlnal 
conposltions.) 

(Andes and Hechel <la®)). 



Figur« 3.36. Total Might gain p«r 
unit ar«a (ag p«r c«a) of tungat«n- 
chronlun-tltanlun alloya aftar 3 hr 
at 1300 C ln flowing air. (Analyzed 
coapoaltlona). 
(Antea and techal 

Figura 3.37. Surfaca racaaalon par 
aida (on) of tungatan-coluablun* 
tltanlua alloya aftar S hr at 1200C 
ln flowing air. (Aaalyiad conpoal- 
tloaa). 
(Andaa and Hachai 

Figura 3.33. Surfaca racaaalon par 
aida (en) of tungatan-coluablun* 
nolybdanua alloya aftar 8 hr at 
1300 C ln flowing air. (Analyaad 
coapoaltlona). 
(Andaa and Hachai (*2*)). 

t* * 

Ti 

\ 

50 

Figura 3.39. Surfaca racaaalon per 
aide (ca) of tungaten-tantalua- 
tltanlua alloya after 8 hr at 1300C 
In flowing air. (Analyzed coapoai- 
tlona). 
(Andea and Hackel d2*)). 

Figure 3.40. Surface recession per 

side (cm) of tungsten-molybdenum- 

titanium alloys after B hr at 1200C 

in flowing air. (Analyzed composi¬ 
tions) . 

(Andes and Hecke! (126)). 

Figure 3.41. Surface recession per 

side (ca) of tungsten-coluablua- 

tantalua alloys after 8 hr at 1200C 
in flowing air. (Analyzed conposi- 
tions). 
(Andes and Heckel (128)), 
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Figure 3.42. Surface recession per 

side (ca> of tungsten-colunblua- 
vanadlum alloys after 3 hr at 1200C 
In flowing air. (Nominal composi¬ 
tions) . 

(Andes and Heckel 

Figure 3.43. Surface recession per 

side (cm) of tungsten-columblum- 

zlrconium alloys after 5 hr at 1200C 

in flowing air. (Nominal compoai- 
tions). 

(Andes and Heckel *ia®*). 

W 

Figure 3.44. Surface recession per 

side (cm) of tungsten-tantalum- 
vanadlum alloys after S hr at 1200C 

In flowing air. (Nominal composi¬ 
tions) . 

(Andes and Heckel d3*1)). 

Figure 3.43. Surface recession per 
side (cm) of tungsten-tantalum- 

zlrconlum alloys after 5 hr at 1200C 

In flowing air. (Nominal composi¬ 
tions) . 

(Andes and Heckel (*3®)). 

Cb 

Figure 3.46. Left, weight gain 

(mg/cm sq) of tungsten-columblum- 
tantalum alloys after 4 hr In oxygen 

at 2190 F; ( ) extrapolated data, 
S spalling, and F very fast rate. 
(Wilson and McKlnsey 



Section U, Molybdenum and Molybdenum Alloy« 

The oxidation of molybdenum resembles that of tungsten, but In 

general It la much worst,as Table 3-11 showed. Glalser, at. al/*28\ 

concluded that oxidation resistance would require the establishment of a 

different protective oxide, and examined the possibility of developing 

alloys which would oxidise to form protective molybdate scales. Table 4-1 

lista the relevent properties of a number of molybdates: the alllcomolybdatea 

were also considered. They concluded that barium, lanthanum, lead, cobalt, 

and nickel molybdates were potentially Interesting; calcium, strontium, 

cadmium and thorium molybdates might also be possible for moderate tempéra¬ 

tures. The nickel and cobalt molybdates turned out to have interesting 

properties, so most attention was focused on these alloys: some rate 

curves are shown In Figures 4-1 to 4-3. The relevant molybdates 

were Indeed developed, but spalled on cooling. This was more serious with 

N1Mo04 than with CoMoO^, and the author attributed It to phase transformations 

In the oxides; various additives were considered which might stabilise them. 

The results of simple tests are listed In Table 4-U, from which It 

appeared that Mn02 was the best potential stabiliser, and silicon was 

also a possibility. Initially, a Mo-25 wt.% Co-12 wt.7. SI alloy oxidised 

slowly to form a thin, adherent molybdate scale; but after a certain time 

the rate accelerated, as shown in Figure 4-4. 
(129) 

Rengstorff conducted a very large screening search for an 

oxidation-resistant molybdenum-based alloy. He commented that It would 

be necessary for an alloy to oxidise only 1/5000 as fast as molybdenum 

Itself. The results of the screening tests for oxidation In flowing air 

at 1800°F (082°C) for 4 hr are shown in Figures 4-5 to 4-14; the black bar 

represents the oxidation resistance; the cross-hatched bars represent 

local variation In oxidation rate. If an alloy is represented by a black 

bar extending up to the sero penetration line, it was completely oxidation 

resistant. Table 4-II1 reports some additional tests on a further group 

of alloys: only the calcium-containing alloy that had not been pre-oxidised 

was resistant. 

Further tests were then conducted on alloys which had proved to 

be more oxidation resistant. The results are shown In Figures 4-15 and 4-16. 

The good performance of both the calcium and nlckel-contalnlng alloys 

was attributed to the formation of protective layers of stable molybdates; 

as In Glelser's study, the oxide spalled violently from the Mo-Ni alloys 

during cooling. None of the alloys represented a better than 100-fold 

reduction In oxidation rate, and Rengstorff comments that the prospects 

for developing a resistant alloy seem small. 

P®*fenov and Chuyan examined the Mo-Al system, and were 

able to produce alloys with good oxidation resistance In the temperature 

range 700-1200^, apparently due to the function of a protective layer 

of Approximately 507, A1 was required for maximum protection, 

larger amounts resulting In very rapid oxidation. Both Poole^131' and 
(132) 

Ouay studied the oxidation or Mo-Hf alloys, pre-oxldlslng them to 

form an internal HfO^ distribution. Poole found good oxidation resistance 

In subsequent tests at 725°C over flat surfaces, but over the specimen 

edges and corners the scale cracked and spalled. Guay also oxidized at 

725°C, and found that as MoO^ formed and evaporated the Hf02 accumulated 

at the specimer surface, eventuallv developing a protective coat. 



w .    '    1 :m**~  

58c 

»uggerted that oxidation realatant alloya required 

the addition of two elementa; one with an atomic radlua leaa than molyb¬ 

denum and a haat of formation for Ita oxide greater than that for Mo02, 

In amounts between 0.5 and 6.07. to form Internal oxides and act as a barrier 

to the Ingress of oxygen. The second additive should have an atomic 

radius greater than that of molybdenum and be present In amounts between 

0.1 and 1.07., The best alloy was Mo-3.987. Al-0.967. Ca, which was 

"excellent" at both 1093° and 1371*C. On the basis of the other studies 

reported above, this seems unlikely. 

As with tungsten, the hlgh-temperature oxidation rate of 

molybdenum is largely determined by the volatility of MoOj. Figures 4-17 

and 4-18 show data from Speiser and St. Pierre^107*. 
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Table 4.1. 
molybdates. 

Properties of 

(Glelser et al^*^®'). 

FotrmiJa 

1 i,M..O 

NajMt.0, 

K»MoO< 
IM.-M0O. 

:Nî<tO* 
CuMi.O, 
AfMoO, 

MiMoO. 
CaMoO, 

SrMoO, 

BnMoOi 

CdMoOj 

Al»(MoO«), 
Ia:(Mo '4)1 

7r(Mo(V; 
l-bMoO, 

Th(.MoOi)¡ 
CrslMoO,), 
SoOj.MoO, 
Fe¡(M<'0«)i 
C0M0O4.... 

NiMoO, . 

Water Solubibtya 
paiNiian^ 

fi 

8 
INS 

! Il 

l> 
VD 
Vil 

N 

N 
N 

C.01C4 R |'fr I at N 
17 C 

O.OO'jfi g per 1 nt 
2T C 

SS 

SS 
INS 

IN ï 
INS 

INS 
INS 

INS 
SS 

INS 

N 
N 

N 
N 

N 
N 

70Í 

CS7 

920 
92'J 
«25 

<K3(I 
<000 

USO 

1070 

<1000* 
980 

>910 
1005 

1000' 

OtHH)' 
1000' 

1000« 
1040 

970 

Slatt'li!'. 

> 1080 i 
905« 

<1010« 

Ns 1200 e 

NS 1200 C 

NS 1200C 
NS 1200 C 
NS 1200 C 

8 10S0 C 

S USO C 

NS 1070 C 

S 1100 c 

s 1000 <: 
NS 1^0 c 

S 1M0C 

8 970 C 

•S - soluble: »S « Slightly soluble; INS - insoluble. 
* II " hygroseopic; VII “ very hygroseopir; D » deliijuesecnti 
* I)eeom|H4ses before melting. 
*8 — stabil'. NS ™ nonstable. 
* <f. " aperifir gravity determined by X-rays. 
d m spécifié gravity determined by other means. 

Specific Gravit>* 

d, 
d 

2.00 

3 03 
3.28 

2 91 

Riwtm Tern[ietatiire 
Cljalal Structure 

1 Numtier ef 
l'htae', C to 

i IIWO C 

Hhomlxihedral 
so;. = 
nc «• 
a « 
Cubic 

! st; » 
tie 
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d - 
d. - 

d 
d. 
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32 

53 

n4 . 
8.77A 
lOS'lO' 

rd:itii 
« 105,.1 
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d, - 5.16 

d - 5.347 
4« - 6.13 

Cubic, Spinel 
R (*. * I'dilm 
an - 9 20A 

TetiniS'in.il 
so. » n./H 
a0 - 5 20 A 
tc - 11.38.1 
Tctrnnonnl 
SO. 14i/h 
a0 * 5.3,K\t 
<0 » 12 0O.V 
Tetragonal 
so. - 14t/a 
1.0 * 5 58A 
ro - 12 30.1 
Tetragonal 

: 8.Ü. - 14,/a 
I *6 - 5 uA 

e( - u.iaA 
j Tetragonal 

I’aeudo—Hi a 
*e » 5.350A 

í f e i» U .840.A 

d - 6 03 - 
d. - 6 89 

■.01 

- 3 6 
• 4.5 
- 4.1 
- 3.5 
- 4.9 

Tetragonal 
S.G. - I4i a 
at, - 5 41A 
ft - 12.08.1 
Tetragonal 

! 2 

VD ■ very deliqueaeent; N " neither bydroaeopir nor dcliqueaeent. 
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Table 4.II. Effect of oxide 

addition* on the etructure and 

■pallint of cobalt Molybdate and 
nickel Molybdate after heatinf at 

1000 to 1100 C. (Glelaer at al<128>). 

Added Oxide Rcuiltini; Phatct and Eflcct on Spalling 

Cobalt Molybdate 

AI|Oi. Reacted rapidly to produce C0AI1O« spinel plus MoO«. 
Reaeted rapidly to produce CoCrtO« spinel plus MoO|. 
Produet nicited below 1000 C, spalled. 
Reacted to produced CoFe*0« plus MoOi. 
Stabilised y phase by solid solution. 
Stabilised y phase by solid solution. 
Apparently stabilised y phase for about 200 hr, then new phase sp> 

peered. 
Stabilised y for 44 hr, but product spalled after 120-hr test. 

CriOt. 
Cub. 
FeiOi. 
MgMoO«. 
MnOi. 
SiOt. 

SnO. 

Nickel Molybdate 

AWOi. Reaeted to produce NiAI;0< spinel plus MoO>. 
Spalled after less than 10-hr heating, may not spall after 25 hr. 
Product spalled if CaO present in less than 20 molar per cent; no 

spalling after 18 hr if 50 molar per cent initially present. 
Reaeted rapidly to form NiCrtO« plus MoOj. 
Product melted Mow 1000 C, spalled. 
Reacted rapidly to form .S’iFciO« plus MoO«. 
Stabilised y phase by solid solution. 
When present in concentrations greater than 20 molar per cent, 

Stabilised y phase hy solid solution. 
Product spalled in all cases tested. 
Result* inconclusive; may have stopped spalling temporarily. 
Result* inconclusive; may have stopiicd spalling temporarily. 
Product spalled after 44-hr test. 
Single test allowed no spalling after 23-hr test. 

CaMoO«.. 
CaO. 

Cr«0t. 
Cub. 
Fe»0,. 
MgMoO«. 
MnOi. 

NiWO« . 
SiOt. 
TiOt. 
SnO. 
SrOi. 

Table 4.III. Oxidation at 1S00°F of 

alloy* of Molybdenite with copper, lead, 

tin, antlaony, line, nanganeae, 

llthiua, Magnésium, and calciun. 

(Rengstorff 

Alleyln* 
Eltmenl 

Etllmale* 
Ctmpo,ilion, 

Pci Prclrcatmcnt 

Tim* lalllai Wcifhl lam*l< Leal 
»I Tot, •( sampl*. by OsIdalUa, 

Hr 0* P*» 

Copper 

Tin 

Antimony 

Eine 
Manga net* 
Lithium 

Magnesium 

Calcium 

1.4 

1.4 

4.» 

t.t 

f.4 
<4.» 

Unknown 

Unknown 

4.t 
lanalytedi 

Preoxidized 
Not prcoxldlzed 

Preen Mized 
Not prcoxldlzed 

Preoxidized 
Not prcoxldlzed 

Prcoxldlzed 
Not prcoxldlzed 

Not prcoxldlzed 
Not prcoxldlzed 
Prcoxldlzed 

Not prcoxldlzed 
Prcoxldlzed 

Not prcoxldlzed 
Prcoxldlzed 

Not prcoxldlzed 

4.4 
4.4 
4.4 
»4 
4.4 
4.f 
4.4 
4.4 
4.1 
4.4 
4.» 

if 
4.1 
4.4 
4.4 

n 
41 
41 
44 
44 

r. s 
144 
44 

* All samplet were approximately V* In. thick. 
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figure 4.1. Oxidation curves for 

two molybdenum-nickel alloys. 
(Cleiser et al <128)j 

Figure 4.2. Oxidation curves for 

three molybdenum-nickel alloys. 
(Cleiser et al í1*®)). 
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Figur» 4.3. Oxidation curvea for four 
■olybdeniw-cobalt alloy*. 
(Glelaer at al 

Figure 4.4. Oxidation curve for a 

«3% aolybdenua-as« Cobalt-12% aillcon 
alloy. 

(Olelaer at al 
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Figure 4.S. Graph shoos the oxid¬ 

ation resistance of binary and 
ternary molybdenum alloys containing 

aluminium. (Rengstorff 

Figure 4.6. Graph shoos the oxid¬ 
ation resistance of binary and 
ternary molybdenum alloyf, containing 
chromium. Rcngstorfi 020)). 
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Figure 4.7. Grapli shows the oxid¬ 
ation resistance ol binary and 
ternary molybdenum alloys containing 
cobalt, (Rengstorff (129)). 
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Figure 4.0. Graph ahowa the oxid¬ 

ation realatance of binary and 

ternary molybdenun alloya containing 
nickel. (Rengatorff tl*9)). 

Con,»a, tf Tkir, (itaitfi., „, cw,| 

»' C* Ca ** N> T, 

Figure 4.10. Graph ahowa the oxid¬ 
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Figure 4.14. Graph ahova the oxid¬ 

ation realatance of binary aolybdenur 
alloy» containing zirconlua. 
(Rengatorff OM)), 

Figura 4.IS. Oxidation realatance 
of 18% Nl-85% Ho alloy aa a 

function of tine at 1<00°, 1800°, 
and 2000°F and of an Ho-Ca alloy 

at 1M0°7 la charted. 
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Figure 4.16 Charts show the oxid¬ 

ation rate of various moljLdenun. 

alloys containing chromium, titanium, 
nickel, cobalt, and tungsten at 
180C° and 200C F. (Rengstorff j 

Figure 4.17. Rate of sublimation 

of M0O2 at aeveral temperatures. 
(Speiser and St. Pierre (10T>). 

Figure 4.18. Volatility of M0O3 in 
the presence of water vapour. 

(Speiser and St. Pierre 



Practlini pifi kink 
RKFKHI'.NCFS 

1. A. B. Hichaol, "The Oxidation of Colnmbl'im Base and Tantalum Baso Alloys", 
in "Koactivo Metals", ed. By W, K, Clonp.B, AI MB Metal Uirplcal Sociotv 
Conferences, Vol. :, lflr)K flnterscience, New York, 1919) 4H7. 

2. 0. C, Deutsch, "lhe Knvironment and Materials for Clide Ke-!’ntry 
Velilcles", in "HirB Temperature Corrosion of Aerospace Alloys", 
ed. !, Strlnyer, K. I. Inf fee and f, F, Kearns f ACARD Conf. I’roc. No. 120, 
1972) 41. 

3. P. Kofstad, "Hi pi i temperature Oxidation of Metals" fl.'ilev, New York, 
1966). 

4. 0. KuBaseliewski and 11. F. Hopkins, "Oxidation of Metals and Alloys", 
2nd F.dition (But t< rworth's, Fondon, 1967). 

5. J. Stringer, "The Oxidation ot rant alum and Tantalwr. Alloys", Reviews 
on liigli-Tett-p. Mat., 1 ( 1973) 711. 

6. C. Brauet , ::. Anorp. Cliem., 246 (1941) 1, Natorviss. 28 61940) 30. 

7. P. Fols tad, "Non*St ot chiomett ■ , Diffusion, and Flectricnl Conductivity 
in Binary Veta’ d-idr:" fWilev, '.y.' York, 1972). 

K. N. Norman, .1. less Connor Metals, 4 (19(-2) 12. 

9. N. Normar., P. Kofs'ad, and O, i'rudtiia. J l.ess»Cen«noti Metals, 4 (1962) 124. 

10. J. Stringer, Acta Met., 17 (19691 1217. 

1!. C, !!. Mclmtoci; and Stringer, I. I.ess-Comraon Metals, 5 (19ó.¡) 278. 

12, D, W. A : •- O r c . 1, j, C rey r and V, B, lengón, 1. Fl ec trochen). Soc., 107 
f19601 491. 

13. D. W, Bridges and v:. M. Tassel 1, Ir. , I. Flectrochem. Soc., 103 (1916) 326. 

14. K. A. Ihlihrnnsen at.! . F. Andrew, Trans. MM)', !/>« (1950) 586. 

11. P. Kofstad and H. KtAHesdnl, Trans. AI MF, 22J_ (1961) 285. 

16. P. Kofstad and S. Kspevik, 1. Flectrochem. Soc., M2 (1965) 115. 

17. T. Hurlen, i. Inst. Metals, 89 (1960-61 273. 

18. H. i’. F 1 inj’, in "Technolop\ oí Colutnltfum ('■'ioh 1 um)" ed. B, M. Cotiser 
and F. M. Sherwood iKllev, No .- York, 1918) 87. 

19. F, I. Clauss and C. A. Barrett, ibid, 92. 

20. W. I). Klopp "Oxidation Behavior and Protective Coatings for Columbium 
and Columbian—Base Allovs", Defense Metals Information Center Report 
123, lamia rv 1 '‘60. 

21. R, C. Prank, "Recent Advances in Columbium Alloys", "Refractory Metal 
Alloys: Metallurgy and Technology", ed. I Machlln, R. 1, Begley and 
K, D. Wcisert (Plenum Press, New York, 1968) 321. 

22. C. T. Sims, W. D. Klopp and R. T. Jnffce, Trans. ASM, 51 (1919) 256. 

23. S, !. Paprocki and I. T. Stary, "Investigation of Some Niobium-Base 
Alloys", Battel le Memorial Institute Report BM1-1143 (October 31, 1916). 

24. W. D. Klopp, (, T. Sims and R, I, .laffee, "Effects of Alloying on the 
Kinetics of Oxidation of Niobium", Proc. Second Inti. Conf. on 
Peaceful I'ses of Atomic Energy, 6 (1958) 293. 

25. W. D. Klopp, I). .1. Maykuth, C. T. Sims and R, I, .laffee, "Oxidation 
and Contamination Reactions of Niobium and Niobium Alloys", Bat telle 
Memorial Institute Report BMI-1317 (February 3, 1959). 

26. !. W. Sprctnak and P. Speiser, "Protection of Niobium Against Oxidation 
at Elevated Temperatures", Ohio State i'nlvcrsitv Reports Nos. 467-15, 
467-16 and 467-17 (dune 15, 1957; March 28, 1958; August 18, 1958). 

27. C. A. Barrett and F, J, Clauss, in "Technology of Columbium (Niobium)" 
Ed. B. M. Conser and E, M. Sherwood (Wiley, New York, 1958) 98. 

.. . 



REKERKNCKS (Contimipd) 

5l'S 

28. H. B. Mix, U.S. Patent N’o. 2,822,268, Assigned to E.I. duPont de Nemours 
and Company, Inc. (February 4, 1958). 

29. Unpublished work performed at Battelle Memorial Institute. 

30. T. N. Rhodln, Jr., U.S. Patent No. 2,838,396, assigned to E.I. duPont 
de Nemours and Company, Inc. (June 10, 1958). 

31. R. H. Thlelemán, U.S.Patent No. 2,860,970 assigned to Sierra Metals 
Corporation (November 18, 1958). 

32. T. N. Rhodln, Jr., U.S. Patent No. 2,881,069 assigned to E.I. duPont 
de Nemours and Company, Inc. (April 7, 1959). 

33. Private communication from B. F. Boone, Haynes Stellite Corporation, 
to E. S. Bartlett, Battelle Memorial Institute (Octoher 2, 1959). 

36. "Recent Advances in Columbium Allovs", Central Electric Flight Propulsion 
Laboratory department (July 1959). 

35. T. N. Rhodln, Jr., U.S. Patent No. 2,838,395 assigned to E.I. duPont 
de Nemours and Company, Inc. (June 10, 1958). 

36. E. Walner, U.S, Patent No. 2,833,282 assigned to Horizons, Inc. 
(April 21, 1959>. 

37. S, T. Wlodek, "The Properties of Ch-Ti-V Allovs. Part 1 . Oxidation" 
in "Columbium Metallurgv", AIME Met. Soc. Conf. 10 (1960) ed. D. L. 
Douglass and F. W, Knnz (Interscience, New York, 1961) 175. 

38. S. T. Wlodek, "The Properties of Ch-Al*V Allovs. Part 1 - Oxidation", 
ibid, 553. 

39. L. P. Jahnke, "Ceview of the Status and Future of Molybdenum and 
Columbium Alloys", in "High Temperature Materials", AIME Met. Soc. 
Conf., 1¿ (1961) ed. G. M. Ault, W. F. Barclav and H. P. Munger 
(Interscience, New York, 19631 283, 

41'. C. L. Miller and F. G. Cox, J. Less-Common Metals, 2 (1960) 207. 

41. G.T.J. Mayo, W. H. Shepherd and A. G. Thomas, ibid, 223. 

42. R. Smith, ibid 191. 

43. B. B. Argent and B, Phelps, ibid, 181, 

44. F. E. Bacon and P. M. Moanfeldt, "Reactions with the Common Gases" 
in "Columbium and Tantalum" ed, F. T. Sisco and E. Epremian (Wiley, 
New York, 1963) 347. 

45. S. T. Wlodek, P. M. Moanfeldt, and E. D, Welsert: unpublished data, 
Union Carbide Metals Co., quoted in ref. 44. 

46. H, R. Babitzke, G. Asal and H. Kato, "Columbium-Vanadium Binary Allovs 
for High Temperature Service", U.S. Dept, of the Interior, Bureau 
of Mines Report of Investigation R.I. 5987 (1962). 

47. H. R. Babitzke, G. Asai and H. Kato, "Columbium-llafnium Binary Alloys 
for Elevated-Temperature Service", U.S. Dept, of the Interior, Bureau 
of Mines Report of Investigation, R.I. 6101 (1962). 

48. H, R, Babitzke, M, D. Carver and H. Kato, "Columbium and Tantalum 
Alloys Suitable for Use at High Temperatures", U.S. Dept, of the 
Interior, Bureau of Mines Report of Investigation R.I, 6390 (1964). 

49. H. R. Babitzke, R. E. Siemens, G. Asal, and H. Kato, "Development of 
Columbium and Tantalum Alloys for Elevated Temperature Service", 
U.S. Dept, of the Interior, Bureau of Mines Report of Investigation 
R.I. 6558 (1964). 

50. H. R. Babitzke, R. E. Siemens and H. Kato, "High Temperature Columbium 
and Tantalum Alloys", U.S. Dept, of the Interior, Bureau of Mines 
Report of Investigation R.I, 6777 (1966), 

51. H. R, Babitzke and H. Kato, "Columbium and Tantalum Alloy Development", 
U.S. Dept, of the Interior, Bureau of Mines Report of Investigation 
R.I. 6964 (1967). 



KKi m.MTS iront i 

5‘t') 

s;>. 

53. 

54. 

55. 

5ó. 

57. 

58. 

50. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

6«. 

60. 

70. 

71. 

K. Yod,-i, H. K. Hnhiizko oinl H. Kmo, Trans. Nat. Kcs. Inst, for 
Motáis, 10 (10681 13. 

II. K. BaMu-kc and 3. O. Croo ni , "Sttidv of ColnmMum and Tantalum Allovs", 
C.K. Oopt. of tho Intoríor, Buroau of Mines Report of Investigation 
K.l. 7116 (10681. 

II. 6, Halil take, I , !.. Oden and II, .1, Kollv, "Columbium and Tantalum 
Alloy Dovoloprpent", C.S. Dept, of the Interior, Bureau of Mines 
Report of Investigation R.l, 7pu (1068). 

H, K, Bahi t zke, 1,, !.. Oden and I!, I, Kollv, "Columbium Allov Dovel opr<*nt 
with Boron, Hafnium and Tungsten", C.S. Dept, of the Interior, Bureau 
of Mines Report of Investigation K.l. 7388 (1070). 

W. H. Chang, "Influence of Heat Treatment on Microstructure and 
Properties of Columblum-Base and Chromium-Ease Allovs", Technical 
Documentary Report ASD-TnR-67-211, Part IV to the Air I'orce Materials 
l.ahoratorv Research and Technology Division, Wright-Patterson Air 
Force Base (tenoral Electric Co., Evendale) March 1066. 

R. T. Begley, 1. !.. C.odshall and D. Harrod, "Development of Columbium 
Base Allovs", Technical Report AFMI.-TR-65-385 to Air Force Materials 
laboratory, Research and Technology Division, V,'right-Pat tersen Air 
Force Base (Westinghouse Astronuclear Laboratory). 

A G, Metcalfe and A. R. St it sor., "Interact ii n in Coated Refractory 

Metal Systems" in "Refractory Metal Alleys: Metallurgy and Tochm. logy", 

ed 1 Macblln, R. 1. Begley, and E. Ü. Wlesert (Plenum press: New York 
1968) 121. 

1. A. Co-nie and K. C. Coodspeed, "Development of Ductile Oxidation 
Resistant Columbium Allov", Technical Report AFMI.-TR-69-64 to 
Air Force Materials l.ahoratorv, Wright-Pattorson Air Force Base 
(Westinghouse Astronuclear laboratory' duly 1969, 

T. 

E. 

E. 

r. 

A. 

L, Kolsk i , 

Felten, 

J, Felten, 

!.. Kol sk i , 

Taylor and 

Trans. ASM, 56 (1963) 528. 

J. Less-Common Metals, 1_7 (1(I69' 185. 

ibid, 199. 

Trans. ASM, 57 (1964) 690, 

I. Stringer, Corr. Sei., 1_? (1972) 349. 

W. D. Brentnall, M, 1. Klein and A. C, Metcalfe, "Tungsten Reinforced 
Oxidation Resistant Columbium Allovs", First Annual Report to Naval 

Alt Systems Command on Contract N'OOOl9-69-C-0137 (Solar Division of 
International Harvester Company, San Diego) lamiarv 1970. 

M. 1. Klein, A. C. Metcalfe and R. It. Domes, "Tungsten Reinforced 
Oxidation Resistant Columbium Allovs", Final Report to Naval Air 
Systems Command on Contract N00019-69-C-0137, November 1970. 

S. T. Scheirer, Development of Columbium Alloy Combinations for 
Cas Turbine Blade Applications", Final Report AFMI.-TR-70-187 to 
Air Force Materials l.ahoratorv, Wright-Patterson Air Porte Base (TRW 
Inc.) October 1970. 

T. K. Roche and D. L. Graham, "Development of Oxidation Resistant 
High Strength Columbium Base Allovs", Technical Report AI7TI-TR-69-344 
to Air Force Materials Laboratory, Wright-Patterson Air Force Base 
(Stellite Division, I'nion Carbide Corporation) .January 1970. 

Ye. V. Vasilyeva and I). A. Prokorhkln, "Properties of Ternary Allovs 
of Nb with Ta and Mo", Akad, Nattk SSSR Inst. Metal, Issled. Metal. 
Zhlk, Tverd. Sostoyanlkch (1964). 

R. A. Rapp and G, N. Goldberg, Tram. AIME, 236 (19(,6) 1619. 

V. K. Slkka and C. Rosa, "High Temperature Oxidation of Nh and 
Nh-10 at.7 W Alloy", Project Then Is Report No. 70-14 on Contract 
No. DAI1C04-69-C-0016, September 1970. 



KEFERENCKS (Conttmied) 

(•(H) 

72. C. J. Rosa and G. C. Chen, "Hlgli Temperature Oxidation of Nb.10 at.% 
Cr Alloy", Project Themis Report No. 71-19 on Contract No. DAHC04-69- 
C-OOlb (February 1971). 

73. E, J. Felten, J. Less-Common Metals, 26 (1972) 105. 

74. A. A. Tavassoll, Met. Trans., 2 (1971) 1985. 

75. W. E. Elkington and W. K. McDonald, Met. Trans., 3 (1972) 1007, 

76. P. Kofstad, .1, I.ess-Comnon Metals, 5 (1963) 158. 

77. W. M. Albrecht, W. D. Klopp, H. 0. Kochi and R. I, .laffee, Trans. 
AIMl-:, 221 (11611 110. 

78. M. G. Cowglll, Ph.D. Thesis, I’niverslty of Liverpool (1962). 

79. P. Kofstad, .1. Electrochem. Soc. 109 (1962) 776; 110 (1963) 491. 

80. J. Stringer, J. Electrochem. Soc., 112 (1965) 1083. 

81. H, C. Peterson, W. M. Fassell and M. E. Wadsworth, J. Metals, 6 
(1954) 1038. 

82. F. F. Schmidt, "Tantahim and Tantalum Alloys", Defense Metals 
Information Center Report, DMIC 133 (.July 1960). 

83. F. F. Schmidt, W. D. Klopp, W. M. Albrecht, F. C. Holden, H. R. Ogden, 
and R. 1, Jaffee, "Investigation of the Properties of Tantalum and 
Its Alloys", WADD TR No, 59-13 (Rattelle Memorial Institute) December 
1959. 

84. L. L. France, "Research and Development in High Strength Heat Resistant 
Alloys", Report No. 6 on Contract NO as 5882-C (Westinghouse Research 
Laboratories) August 1959. 

85. W, D. Klopp, D, J, Maykuth and !!. R, Ogden, "High Temperature Oxidation 
of Complex Tantalum Allovs" In "High Temperature Material", ed. G. M. Ault, 
W. F. Barclay and H. P. Hunger, ATME Met. Soc. Conf., 18 (1961) 
(Interscience, New York, 1963). 

86. R. F. Voitovich, Flz. Metal, i Metalloved., U (1961) 376. 

87. R. F. Voitovich and R. V. Makarova, Izvest. Akad. Nauk, S3SR, Met 1 
Topi., 95 (161). 

88. R. H. Thielemann, German Patent 1,096,466, Assigned to Sierra Metals 
Corporation (December 8, 1960). 

89. P. Kofstad, J. Inst. Metals, 91 Í1962-63) 411. 

90. R. B. Dooley and J, Stringer, ). Less-Common Metals, 25 (1971) 15. 

91. 1. B. Berkowitz-Mattuck, J. Electrochem. Soc., 1^6 (1969) 700, 

92. .1. Stringer and R. B. Dooley, Proc. 4th International Conf. on 
Metallic Corr., Atlantic Cltv, 1969 (Publ. NACE 1971). 

93. R. B. Dooley and J. Stringer, J. Less-Common Metals, 24 (1971) 139. 

94. R. B. Dooley and .1. Stringer, ibid, 25 (1971) 115. 

95. R. B. Doolev and J. Stringer, Ibid, 24 (1972) 223. 

96. V. D. Barth and G.W.P. Rengstorff, "Oxidation of Tungsten", Defense 
Metals Information Center Report 155, July 1961, 

97. W. W. Webb, i. T. Norton and C. Wagner, J. Electrochem. Soc., 103 (1956), 
107. - 

98. K. A. Gulbransen, K. F. Andrew, P. E. Blackburn, T. P. Copan and A. Merlin, 
"Oxidation of Tungsten and Tungsten-Based Alloys", Wright Air Development 
Center Technical Report, WADC TR 59-575 (February 1960), 

99. E. A. Gulbransen and K. F. Andrew, J. Electrochem. Soc., 107 (1960) 610. 



... 

I.ll I 

RFI'EKKNCES (CmU Imu'd) 

100. 

101. 

102. 

103. 

104. 

103. 

106. 

107. 

108 

100. 

110. 

111. 

112 

113. 

114. 

m. 

lift. 

117 

118 

no. 

120. 

121 

122 

12 3 

120 

J. W. Semmel, Ir., I lie Oxidntlon of Tungsten .ind Molybd« mim from 1800 
to 2500 K", In "111 Temperature Materials", ed. R. F, Hehemann and 
G, M. Ault, AIME Met. Soi. Conf. , Cleveland, 1057 (Wiley, New York, 
19503 510. 

F. M. Anthony and II, A. Pearl, "Investigation of Feasibility of 
Utlimnn Available Heat-Resistinp Materials for Hypersonic I.eadinR 
Edge Applications", Rell Aircraft Corporation Report to Wright 
Air Development Center, WADC-TR 50-744, Vol III on Contract AE33 
(616)-6034 (July 1960). 

R, Speiser, quoted in Reference 06. 

J. P. Baur, D. W. Bridges and W, M. Fassell, lr. , .1. Electrochem. Soc., 
103 (1956) 266. 

R. A. Perkins, W. !.. Price, and I). I), Crooks, "Oxidation of Tungsten 
at I'ltrahigh Temperatures", I.ockheed Missile and Space Co. Tech. 
Report 6-00-62-98 <1062); Air Force Materials laboratory Kenort MI.-TDR- 
64-162 (1065). 

R. A, Perkins, quoted in Reference 107. 

R. W, Bartlett, Trans. AIME 2_3_0 (1964) 1097. 

R, Speiser and G, R. St. Pierre, "Fundamentals of Refractorv Metal- 
Gaseous Revirontncnf Interactions", in "The Science and Technologe of 
Selected Refractorv Metals", ed. N. E, Promise! (Pergamon, Oxford 
1964) 280. 

P. 0. Schissel and n, c, Trulson, J. Chem. Phys., 43 (1065) 737. 

R, W. Bartlett and !,W, Mcfamont, .1. Electrochem. Roc., 112 (1965) 
148. 

E. A. t.ulbrm sen, Corrosion, 26 (1970 ( 19. 

G. M. Neumann and V. Muller, Metall, 26 (1972) 806. 

!, C. BattV and 1. E. Stickney, Oxidation of Metals, 3 (1 971 ) 331 . 

Eisinper, I. Chem. Phvs., 30 (1959' 412. 

H. V. Anderson, I'niversity of California l.awrencc Radiation I aboratorv 
Report n 10135 (1962), 

D. E. Rosner and H. I). Allendorf, T. Electrochem, Soc., 114^ (1967) 305. 

r, N. Walsh, 1. M. Quels and R. A. Graff, .1. Chem. Phys., 46 (1967) 1144. 

J. w. Serme 1 , Jr., Trans. ASM, 5? (I960) 1015. 

I), A. Prokoshkín, Ye. Y. Vasil1 veva and 1, Yu. Tapare v a, AV ad. Nauk 
SSSK, Inst. Metal. Issled. Metal, /hid. Tverd. Sostoyaniyakh (1964) 
241. 

M. Setncbvsben and !;. Q. Barr, quoted by Barth and Rengstotff, 

E. 1.. Harmon, "Investigation of the Properties of Tungsten and its 
Alloys", fni-n Carbide Metals Co. final Report on Contract AE33 (616)- 
5600 (May 10(,0). 

n, Kubasdicwskl and A. Schneider, 1. Inst. Metals, 75 (1949) 403. 

E. C. Holtz and R. I. Van Thyne, "Development and Evaluation of High 
Temperature Tungstea Allovs", WADC TU-59-19 on Contract: AE33 (616)- 
5218 (April 1060), 

V. I. Arkbarov and •'u, D. Kotmanov, Desean h on Heat Resistant Allovs. 
2 ( 1 rC 7 T 131. 

R. M, One rr, t , A, '.eumeier and Jensen, "Reaction of fnngsten- 
Cobalt Allovs with Oxvgim at 1000 and 1100 K", F.S. Dept, of the 

Interior, Bureau of Mines, Report of Investigation . I . 6008 (August 10(/3. 



<>o: 

REFERENCKS (Conttmiod) 

125. D. S. Evans, "The Oxidation Characteristics of Tungsten-Chromlum-Palladlum 
Alloys" In "High Temperature Materials - 6th Plansee Seminar 1968", 
ed. F. Benesovsky (Metallwerk Plansee, Reutte, 1969) 62. 

126. C. M. Andes and R. W. Meckel, Trans. ASH 55 (1962) 193. 

127. J. 1.. Wilson and C, R, McKlnsey, J, Metals, 13 (1961) 494, 

128 M. Cleiser, W. L. Larsen, R. Speiser and .1, W. Spretnak, "The Properties 
of Oxidation Resistant Scales Formed on Molybdenum-Base Alloys at 
Elevated Temperatures", in ASTM Symposium on Basic Effects of Environment 
on the Strength, Scaling and Embnttlement of Metals at High Temperatures, 
ASTM Special Te^nical Publication No. 171 (1955) 65. 

129. C.W.P. Rengstorff, Trans. ATME, 206 (1956) 171. 

130. N. K. Parfenov and A. M. Chuvan, Issled. po Zharoproeh. Splavan, Akad, 
Nauk SSSR, Inst. Met., 10 (1963) 266. 

131. H. G. Poole, Reports on Contract NOw 62-0305-d (1962). 

132. W, J. Guay, Final Report on Contract NORd-16136, (May 1943), 

133. E. Walner, U.s. Patent No. 2,883,283 (21st April 1959). 

.. . 




