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FOREWORD 

This report discusses the work performed by Pratt fe Whitney 
Aircraft Division of United Aircraft Corporation, East Hartford, 
Connecticut on evaluation and improvement of coatings for columbium 
alloy gas turbine engine components during the period from 1 April 1965 
to 30 April 1966. The work was performed in accordance with Con¬ 
tract No. AF33(6l5)-2117 under the direction of Mr. Norman M. Geyer 
(MAMP), Metals Branch, Metals and Ceramics Division of the Air 
Force Materials Laboratory. This contract was conducted under Pro¬ 
ject 7312, "Matal Surface Deterioration and Protection", Task 731201, 
"Metal Surface Pro . action", and was supported in part by the AFML 
Director's Fund. The report was submitted 31 May 1966 in compliance 
with Line Item 1c of DD Form 1423, dated 13 February 1965, attached 
to the original contract, and with Exhibit C, Part I, paragraph C of 
Contract Modification No. S2(66-1258), dated 1 April 1966. The con¬ 
tractor has assigned the number PWA-2809 to the report. 

This technical report has been reviewed and is approved. 

I. Perlmutter 
Chief, Metals Branch 
Metals and Ceramics Division 
AF Materials Laboratory 
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SECTION I 

INTRODUCTION 

The rapid oxidation rate of columbium alloys has prevented extensive 
application in high-temperature oxidising environments. Since protecfaon 
from oxidation is necessary to maintain desirable mechanical properties, 
coating development efforts have been extremely active in recent years. 
Most development program., however, have been concerned «itt. applica¬ 
tions such as re-entry vehicle and rocket engines operating [or short times 
in the 2400" to 3000°F range to take maximum advantage of the high melt¬ 
ing point, relatively low density, and high strength and ductility of colum¬ 

bium alloys at these temperatures. 

As a result, the evaluation of coated columbium alloys has been very 
limited under those conditions found in gas turbine engines, where operating 
temperatures are currently not as extreme, but where reliability must be 
measured in hundreds or thousands oí hours and/or cycle, (both thermal 
and mechanical). In addition to the high-temperature oxidising env.ronment, 
turbine blade and vane components must withstand thermal fatigue from 
cyclic operation, impact damage from ingested foreign objects, hl8h »t'*'iy- 
state and vibratory stresses from centrifugal loading (in the case of blades), 
and corrosion and erosion from the combusted fuel and air stream. 

In the gas turbine engine field, lift or vertical takeoff power plants are 
potentially a most attractive application area for coated columbium alloy 
blades and vanes. These engines must be high in performance and of rnim- 
mum weight to accomplish the desired missions, thereby requiring high tur¬ 
bine inlet temperatures (2000*-2700T). Adequate blade and vane lives unde 
there conditions are possible with existing superalloys only if complex cool¬ 
ing schemes which compromise performance are employed, while advanced 
materials such as coated columbium alloys might be used uncooled or with 

considerably less cooling air. 

The subject test and evaluation program is concentrated in two distinct 
areas: 1) turbine blade airfoil and turbine vane and 2) turbine blade root. 
Tentative operating temperature requirements for the blade airfoil and vane 
are 1800* to ZSOO’F. Although blade root temperatures are only 1300 to 
1600°F. the coating/columbium substrate composite must operate under con 

ditions of high stress and mechanical wear. 



The program conducted during this annual report period was divided into 
three phases as tabulated below: 

Phase No. 

I 

I 

II 

III 

m 

Contractual 
Item No. 

1 

2 

3 

4 

Title 

Literature Survey 

Preliminary Screening 
Evaluation 

Coating Improvement 

Advanced Evaluation, Coating 
Life Properties 

Advanced Evaluation, Com¬ 
posite Properties 

Flow charts showing the progression of tests within the three phases 
are presented at the beginning of each evaluation section in this report. 

A similar evaluation of additional coating/columbium substrate systems 
will be conducted during the coming year; a description of this part of the 
program is included in Section V, Future Work. The composites for sub¬ 
sequent engine testing will be selected from those systems which were 
evaluated during the first year and those to be evaluated during the second 

year. 
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SECTION U 

SUMMARY 

Selection of the coating-substrate systems tabulated below was based on 
the results cf the literature survey and of discussions between the contrac¬ 
tor and the Air Force Materials Laboratory Project Engineer. These 
systems were evaluated through preliminary screening tests for gas turbine 
engine vane and blade applications. 

Columbium Alloy 
Substrate Application Coating 

Turbine Vane TRW TiCr-Si (vacuum) pack 
Sylcor Ti-CrTi-Si (triplex) pack 
Sylcor SiCrTi slurry 

C-129Y 
D-43 
D-43 

Turbine Blade Airfoil TRW TiCr-Si (vacuum) pack 
TRW TiCr-Si (slip) pack 

Cb- 132M 
Cb- 13?.M 

Turbine Blade Root Sylcor Sn-Al Cb- 132M 
Cb-132M 
Cb- 132M 

Sylcor Ag-Al-Si 
Zn 

Based on the results of oxidation-erosion and thermal fatigue testing at 
2200 °-2400 ®F, ballistic impact testing at 70#-2200,F, and previous data, 
the TRW TiCr-Si (vacuum) pack/D-43 (vane) and TRW TiCr-Si (vacuum) pack/ 
Cb-132M (blade airfoil) systems were selected for advanced evaluation. The 
former system, although not among the above eight initially included in the 
program, was chosen for advanced evaluation based c-n available comparative 
data and discussions with the Air Force Materials Laboratory Project Engi¬ 
neer. Prestrain/oxidation and wear-galling screening tests on the blade 
root systems demonstrated that Sylcor Ag-Al-Si coated Cb-132M alloy was 
the best of those investigated and was qualified for advanced evaluation. 
During the preliminary screening portion of the program, each coating, with 
the exception of the TRW TiCr-Si (slip) pack and Sylcor SiCrTi slurry, 
was modified to improve performance and re-evaluated. 

Complete evaluation of TRW TiCr-Si (vacuum) pack coated D-43 alloy for 
turbine vane application by oxidation-erosion and thermal fatigue testing at 
2000 #-2500 #F, ballistic impact testing at 70*-2600#F, and stress-rupture 
testing at 2200° and 2500®F demonstrated that this system is a candidate 
for engine testing. Test results are summarized below. 
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Teat Life 

Oxidation-erosion 410 hours at 2000'F, 220 hours at 2200 #F, 
60 hours at 2400 °F, and 40 hours at 2500 "F; 
transient overheating to 2600*F reduced the 
2200*F life by approximately 50 percent. 

Thermal fatigue 1200-1600 cycles at 2000°F, 800 cycles at 
2200*F, 400-1200 cycles at 2400°F, and 
1600-2200 cycles at 2500°F 

Ballistic impact 1-3 hours at 2200oF after 70*-2200°F impact 

Stress-rupture 100 hours at 2200°F and 12,000 psi or 2500°F 
and 5600 psi 

Advanced evaluation of the TRW TiCr-Si (vacuum) pack/Cb-132M 
system for blade airfoil application was not conducted because the low duc¬ 
tility of the available bar prevented meaningful mechanical fatigue and creep 
testing. Additional material is presently being procured for this purpose. 

Sylcor Ag-Al-Si coated Cb-132M alloy was partially evaluated through 
the advanced evaluation phase for blade root application. Through static 
oxidation testing for general integrity, airfoil-root coating compatibility 
testing, and 2000*F transient overshoots, the system demonstrated adequate 
performance. Mechanical fatigue testing of both Ag-Al-Si coated specimens 
and specimens containing airfoil-root coating overlaps is awaiting the receipt 
of Cb- 132M alloy 1 ir now on order. 

A contract extension of one year duration has been awarded to evaluate 
seven additional coating-substrate systems. These systems, as well as 
those evaluated thus far, are candidates for engine testing in the last phase 

of the program. 



SECTION HI 

TECHNICAL DISCUSSION 

1. ITEM 1 

LITERATURE SURVEY 

In accordance with the requirements of Item 1 of the contract work 
statement, a literature survey was conducted to determine the current state 
of the art of coatings for the protection of c olumbium alloys in the 1300* to 
25000F temperature range. In the course of this survey, data were collected 
on the performance of over 40 combinations of coatings and columbium sub¬ 
strate materials. The general guide lines for this investigation are listed 
below: 

• The literature search was concentrated on recent development and 
evaluation programs. 

• Special attention was concentrated on temperature and environ¬ 
mental conditions approximating those of a gas turbine engine. 

• Each test was objectively evaluated to determine whether the 
specific test conditions involved tended to favor certain types 
of coatings. 

• In evaluating each coating, consideration was given not only to its 
performance at high temperatures but also to the properties which 
would be applicable to the ' ^wer temperature blade root area as 
well. Such properties include oxidation life (the length of accum¬ 
ulated test time before failure due to oxidation of substrate) at low 
temperatures, pest behavior (catastrophic low temperature oxida¬ 
tion), and ductility. 

A list of references for the literature reviewed during the survey starts 
on page 211 . A discussion of the results available from these investigations 
at the time of the survey is presented below. 

Wurst and Cherry (Ref. 1) have reported good oxidation life for the 

TRW TiCr-Si (vacuum) pack coating at 1600°, 2400°, and 2600oF on B-66 
and D-43 columbium alloys. Maximum life of the coating at 2400°F was 
found to be 124 and 113 one-hour cycles on the B-66 and D-43 substrates, 
respectively. (Each cycle consisted of 1 hour in 2400°F static air followed 
by a period at ambient temperature. ) For both alloys, some embrittlement and 
degradation in strength were noted as a result of the coating and/or coating 
application process. A difference in B-66 alloy substrate hardness between 



two coating application batches was detected. Adequate stress-rupture life 
and resistance to creep were also reported (Ref. 1). Serious problems 
were encountered, according to Wurst and Cherry, on another system, 

TiCr-Si on C-129Y columbium alloy (Ref. 2). Jxisses in ultimate strength, 
yield strength, and oxidation life were reported for this system. 

Stetson (Ref. 3) confirmed the Wurst 8. Cherry oxidation life results for 
tie TiCr-Si/B-66 system and reported similar data for the TiCr-Si/Cb- 
752 system. It was noted that the reliability of the coating on D-43, B-66, 
and Cb-752 columbium alloys had decreased the most between 2400°F and 
2600 *F; the 95-percent probability limit dropped from 51 hours at 2400 °F to 
6 hours at 2600'F for all gage thicknesses. Special attention was called to 
the fact that the TiCr-Si/D-43 system suffered a significant loss in ultimate 
and yield strengths with an attendant increase in elongation as a result of 
coating. At 2200’F, Stetson reported that, for the TiCr-Si coating on D-43 
alloy, the ultimate tensile strength was 45 percent, the yield strength 40 
percent, and the elongation 235 percent of that of the uncoated alloy, while 
on B-66 and Cb-752 alloys the ultimate tensile strength was 80 percent, the 
yield strength 75 percent, and elongation from 35 to 80 percent of those of 
the uncoated alloys. It was noted that the losses found in the TiCr-Si/D-43 
system probably exist also for other alloys which utilize carbide strengthen- 
ing. This reasoning followed an extensive investigation by Stetson which re¬ 
vealed that this behavior apparently resulted from the coating constituents 
having a greater affinity for the carbon in these substrate alloys than do the 
alloy constituents, thus disturbing the substrate chemistry (Ref. 3). 

Other oxidation life data for the TRW TiCr-Si coating on Cb-752 (Ref 
4, 5), D-43 (Ref. 2, 4) D-41 (Ref. 6), and Cb-132 (Ref. 4) columbium 
alloys were reviewed. Although some variations were reported, coating 
protectiveness on these alloys did not differ significantly from that reported 
for the TiCr-Si coating on B-66 alloy (Ref. 1, 2, 3). 

™..JPreV?0U8ly,Unrep0rted oxidation-erosion tests conducted by Pratt & 
Whitney Aircraft showed good results for the TRW TiCr-Si/D-43 system 
during dynamic oxidation-erosion as tabulated below. 

Temperature Test Time Coating Condition 

2200'F 100 hours Small spot failure at the 
base 

No failure 2200'F 100 hours 

2400 *F 100 hours Leading edge failure at 
100 hours 

2600*F 80 hours Leading edge failure at 
80 hours 



During these tests the specimens were rotated at 1750 rpm in a oas 
stream consisting of a mixture of combusted JP-5 fuel and air. This mix¬ 
ture closely approximates the environment encountered in a gas turbine 
engine. An evaluation of the TiCr-Si coating on D-14 and D-31 columbium 
alloys was also obtained. 

., In ,a -ther unique test, Pietromonaco and associates (Ref. 7) found that 
the oxidation life of the TRW TiCr-Si coating on D-36 and Cb-752 VlW 

Tes" incorooatet ZJ'Tf ^ * "re-entry ni«ht simulator. " This 
sure and? Z* ^ ^ tC8t 8Pecimens while the pres- 
sure and temperature were varied to simulate a re-entry condition. The 
peak temperature was 3000“F. Although the low pressures are not applic- 
able to a turbine engine environment, this was one of few reported tests 
which evaluated the performance of refractory metal coatings in a high- 
veiocity gas stream under conditions approaching those present in an ad¬ 
vanced turbine engine. 

nh„ devel°Ped bv Syl vania Sylcor Division oí Gens ral Tele¬ 
phone and Electronics, Inc. was a Cr-Ti-modified-silicide. This coatin«, 
demonstrated very good oxidation life on B-66 alloy. Warst and Cherry * 

the coit r'POrtf Ve“ ,ermS °f 0)ddati0" Iife °» “u» particular alloy, 
the coating performed better than any coating tested to date, with typical 

U!> 199 0ne:h0Ur CyCl8S at 2400*F and “P 156 cycles at 
cbOO I . Some of the specimens, tested at 2400*F, withstood 225 cycles 
(maximum duration of the test) without failure. 

ff ^ disadvantage the Cr-Ti-modified-silicide coating was a detrimental 
effect of the coating and/or coating application process on the ductility of the 

Mh t d \ l°y; °°e SPeCÍmen eValUated by W“rst aad Cherry (R.f l, ,x 
hibited a high degree of embrittlement, while other, more ductile specimens 
demonstrated mechanical failure after less than 1.0 percent elongation 

an?'so perçut'6 ^ ^ °f the raore ductile «P^imens were 96 
and 80 percent, respectively, of the uncoated-specimen strengths. 

The protective life of the Boeing Company's Disil coating has been re 

aTcys At M o'-F''i ^ 2)' ^ «» -Whlurn 
havJh K J lP oxidation lives from 15 to 53 one-hour cycles 
have been observed, depending on which columbium alloy was used (Ref 1 

C,1;erry(Ref- "P°‘:8d f-t the coatingdid no, appiar to 
alter the B-66 alloy microstructure and the room temperature mechanical 

evererthat '"onD « 'T ^ ^ ^ rePorted further, how- 
Zt th V il y* n0t °nly Was there a lar8e degradation in strength 
ut the coating exhibited serious low-temperature failures (four to eight one * 

hour cycles at 1600 F) in addition to poor life at 2400« and 2600«F Testing 
m the "re-entry flight profile simulator", in a manner similar to tke pre 
jaously mentioned testing of the TiCr-Si coatings, demonstrated that the 
Disil coating possessed inadequate life for the re-entry application (Ref. 7). 
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»fford «*.0n»w‘ipïo?.0crt^rÔi0B-’6MÎ‘ï ^ “at,"g hl8 b"" reported to 

»ppeered competible with D-43 alloy (Ref* 2^y it*' The coating has 
have been reported. Vo effect.°nly «ata 
i»g (Ref. 9). Ir0ra th'rmal .hock were noted for the coat 

The results of tests on a Cr-B Si ,-,,-4.- . 
Vought have been erratic, fte coati„B nfe d“L 'Vel°Ped hl- Ling-Temco- 

* c°furribium alloy .ub.trate (Ref 2 8 Qt^ rw"* °n the c Proposition of 
»*. questionable in term, of oidatlon li¿ ’’a,,?1 B;66 coating 
»PP«r to alter the ba.e metal .trucmri - 8h the ;°aUn« doe. not 
ture tensile propertie. were experienced '¿TV0”" in ‘™p«ra- 
chamcal properties were also exn^ri d jRef- S°me losses in me- 

^an °Xidfa4 °n Uie at 1600 *F was very Erratic" as'4' T and 
range of 4 to 24 one-hour cycles (Ref 2) TH ^^ed by failure in a 

appears questionable due to wide variation.Tí* rthabllity of ^ coating 
). Severe embrittlement of D-36 foil bv th n mea8ured oxidation life (Ref. 

been experienced (Ref. 8, 9) Y ^ COatlng °r Coatiog process ha¡ 

A Sylcor-developed .. 
Wurst and Cherry (Ref. 2) which exhibit8^ * °nly coating tested by 
one-hour cycles on D-43 alloy and 3 to UiefUl at 3000°F (H to 13 

nottCS ^rÍatÍOn8 <in both mechanical prooeitie^ 0n,C'f29Y all°y)- Some 
noted; however, the coating exhibited little Íff ! OJadation life) were 
strength of D-43 alloy (Ref. 2) Controlli ^ the TOOm temPerature 
appeared to be a problem, with reported ^, thickne8s of the coating 
[ruis. There was some alteration of .^8 ÍT°m 2*4 to 13 6 
mg was applied to C-129Y (Ref 21 T Strate 8tructure when the coat- 
ported to have performed for 1000 hourB°at uní"CC' coating was re- 
iems, although the substrate allo^ ^ 

(‘p'fina8U‘1d enWronmenteupPto 2300^^¾ uTv’T*"* 8<>0d 0”datio" 
(Ref. 11). Although thickness uniformit- ‘132M columbium alloy 
po..e.»ed good diffu.ional staMnty aTd íir„!.,qUeStÍ°' ,ble- th« coating 
Cb- 132M micro s truc ture. 4 aPPear to seriously alter the 

Tor operation up to 1800*F #+...- ^ 
Naval Research Laboratories ha's ZlnC~ aSe coating developed by the U S 
hundreds of hours (Ref. 12, 13) t0 provide oxidation life 'or 
able self-healing propertied resultLg t0 -ma^k 

amc-columbium compounds. No effects on ^ Vap°r pre88ure °f tl.e 

.-a«3ub,c,,n80m.yari.ti0„.deÄo0:S„g-^^ 
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appears to offer eignificant promise for high-temperature pplication. Al¬ 
though data is still quite limited and preliminary in nature, evaluation of the 
coating on C-129Y columbium alloy shows very good protective qualities dur¬ 

ing the "flight profile simulator" test (Ref. 7, 17). 

A joint study by the Solar Division of Intf rnational Harvester Company 
and the Illinois Institute of Technology Research Institute is currently being 
conducted to develop coatings for columbium alloys (Ref. 18, 19). Solar, 
responsible for the program, is studying the devdopment of modified 
silicide systems as based on the general success of the (Cr-Ti)-Si coating. 
Preliminary data have been obtained on a number of disilicides from the 
Cb-Ti-Mo-Si„ Cb-Ti-Cr-Si, and the Cb-V-Cr-Si systems. 

The I IT Research Institute is conducting development studies on 
aluminide .y.tem. based on the compound (Ti-Cb)-Al, improved CbAlj 
compounds, and bcc coating systems (multilayer coatings conststing o 
body-centered cubic metals and solid solutions). Promising result, have 
been reported (Ref. 18, 191, though data is presently quite preliminary in 

nature. 

Sama and associates (Ref. 20, 21, 22) are conducting a study to deter¬ 
mine pertinent phase and compositional changes in several coating systems. 
This analytical study is oriented toward determining how these changes 

affect the oxidation lives of various coatings. 

The limitations of the Sn-Al coating on columbium are being studied by 
Pricemsn and Sama (Ref. 23). In connection with this study, development 
of slurry-applied silicide systems containing chromium, titanium and 
vanadium is ai.o underway. Work with a Si-20Cr-5Ti coating on D-43 
alloy indicatea no serious loss of mechanical properties as a result of the 
coating heat-treat cycle or the presence of the coating itself, nor did it 
indicate that there was inadequate protection by the coating during subse¬ 
quent oxidation testing. Thus far. pest failures do not appear to be a prob¬ 
lem; the typical oxidation life has been reported to be greater than 150 hours 

at 1600* and 2000‘F and 47 to 72 hours at 2300T. 



2. ITEM 2 

PRELIMINARY SCREENING EVALUATION 

Item 2 requires that the contractor perform preliminary screening tests 
(Phase I) on the most promising coating-substrate combinations selected as 
a result of the literature survey (Item 1) and on at least one new coating- 
substrate system developed under Air Force sponsorship or elsewhere, the 
total not to exceed eight systems. Six systems were selected in coordination 
between the Air Force Materials Laboratory Project Engineer and the con¬ 
tractor in the first quarter. In the third quarter, two additional systems 
were defined. The additional systems were classified as Phase I supple¬ 
mental systems and were not candidates for Phase II improvement or Phase 

advanced evaluation. A technical flow chart showing the progression of 
tests through Phase I of the program is shown in Figure 1. 

2. 1 MATERIALS 

Turbine vane alloys must possess moderate strength (about 5000 psi 
minimum rupture strength) at operating temperatures, thermal fatigue re¬ 
sistance. weldability, ductility for fabrication into sheet and subsequent 

dUCtility after recrystallization. After discussions between 
the AFML Project Engineer and the contractor, D-43 and C-129Y alloys 
were selected as the vane substrate materials. Chemical analyses and 
hardness data for the as-received alloys are presented in Table I Reore 

0f eaCh hCat (three heat8 per all°y> are 8hown gures 2 through 5. The vane alloy thermal fatigue test necessitates con¬ 
struction of a shee* material airfoil specimen with a leading edge radius of 
^vo and one-half times the thickness (2.5T) for 0.050-inch-thick material 
pesuits of bend tests, conducted to assure this capability prior to airfoil ’ 
forming, are summarized in Table II. Both the D-43 and C-129Y as- 

dfrection materia^8 met the ductility requirement normal to the sheet rolling 

Turbine blade alloys must have high stress-rupture and fatigue strength, 
good creep resistance, and the ability to absorb impact forces without frac- 

*, rb,"rl^2M all0y WaS 8elected 8ince il possesses properties which mere 
neäriy fulfill these requirements when compared to other commercially 
ävaiUble columbium alloys. Three-inch-diameter extruded billets were 
obtained from E.I. du Pont de Nemours & Co. The supplied chemical 
analyses of the two different heats appear in Table III. Five of the six pro¬ 
cured billets were extruded at Nuclear Metals, Inc. using the following 
parameters: B 
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ALLOY:
PLANE;
ETOI:

IM3, SHEET VENDOR HEAT; NO. 487
PARALLEL TO ROLL DIRECTION (ARROWS) MAC: 500X
60X LACTIC ACID, 20% HYDROFLUORIC ACID, 20X NITRIC ACID
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VENDOR HEAT; NO. 488 
MAG: 500X

ALLOY: D.43, SHEET
PLANE: PARALLEL TO ROLL DIRECTION (ARROWS)
ETCH: l.t, MX LACTIC ACID, 20X HYDROFLUORIC ACID, 20X NITRIC ACID,

2iid, 33X HYDROFLUORIC ACID, 33X NITRIC ACID, 33X WATER

Figure 2. Mlcrostructure of As-Received D-43 Alloy Sheet
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ALLOY: D~43, EXTRUDED BAR VENDOR HEAT: NO. 423
PLANE: PARALLEL TO EXTRUSION DIRECTION (ARROWS) MAC: SOOX
ETCH: SOX LACTIC ACID, 20X HYDROFLUORIC ACID, 20X NITRIC ACID

Figure 3. Microstructure of As-Received D-43 Alloy Bar Stock
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VEM>OR HEAT: NO. 57259 
MAG; 500X

ALLOY: C-129Y, EXTRUDED BAR VENDOR HEAT: HO. CT259
PLANE; PARALLEL TO EXTRUSION DIRECTION (ARROWS) MAC; 500X
ETCH: 60* LACTIC ACID. 20* HYDROFLUORIC ACID. 20* NITRIC ACID

Figure 4. Microstructure of As-Received C-129Y AUoy Bar Stock
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ALLOY: C-129Y, SHEET VENDOR HEAT: MO. 57230
PLANE: PARALLEL TO ROLL DIRECTION (ARROWS) MAC: SOOX
ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 30% NITRIC ACID

Figure 5. Microstructure of As-Received C-129Y Alloy Sheet







Extrusion temperature 
Reduction ratio 
Canning material 
Extrusion die 

3190* to 3600*F 
20X to 25X 
Molybdenum 
ZrC>2 lined 

The variation in axtru.ion parameters was due to differences in billet 
.Ue Metallography of the resultant 0. 625-inch-diameter bar revealed a 
recry.Ulli.cd structure containing Widmanstatten-type atrcomum carb.de 

precipitate (Figure 6). Hardness is shown in Table III. 

The remaining billet was extruded at 1400'F with a 5-to- 1 reduction 
ratio Thi. procedure was required so that nonrecrystalli.ed material could 
be obtained i- order that forging of thermal fatigue specimens could be ac- 
commodated. The resultant 1.25-inch-diameter material exhibited a p 

dominantly worked microstructure (Figure 7). 

The selection of the coatings for evaluation in the program was based 
on the results of the literature survey and data previously obtained at 
Pratt & Whitney Aircraft on the performance of coated columbium alloys 
(Ref 4 6). The in-house work demonstrated that, while oxidation 160 
ft. ay.Um i. considerad ft. major problem area, embrittlement and con¬ 
sequent reduction of strength can be of primary importanc^n some operat- 

-„vironments. One such study determined that the TRW TiCr-bi coax 

¡4 performed well during high temperature <2200j2600'^ °*‘^rbine rig 
erosion testing. However, testing of a coated turbine blade in a turbine rig 
revealed that, after only 1 hour and 40 minutes, fatigue cracta^appeared 
in the root section operating at a metal temperature of approximately 
1400*F Failure analysis revealed that the brittle nature of the coating at 
root temperatures (1300*-1600°F) and recrystallization of th®.C°lu"í1Um 
substrate during coating application gave rise to fatigue crack.ng 
surface. This fatigue cracking progressed from erase 8 
surface and extended into the substrate (see Figure 8). The need for crack 
free ductile blade root coatings was thus established. Such a root coating 
could consist of a modified or partial airfoil coating on the blade root sec- 
tion (Ref 24), or a coating completely different in composition from that of 
Te airfoil The latter application has been considered in this program; i.e., 

duplex coatings were evaluated. 

Since the vane is a staücnary (nonrotating) component, lower stresses 
fas well as lower temperatures) are experienced in the shroud sections. 
For ftls reasln. only single coatings for both airfoils and shrouds have been 

considered. 
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ALLOY: 0>-132M, EXTRUDED BAR 
PLANE: NORMAL TO EXTRUSION DIRECTION

VENDOR HEAT: NO. 481 
MAG: 500X

ETCH: 33% HYDROFLUORIC ACID. 33% NITRIC ACID, 33% WATER

ALLOY: CI>-132M, EXTRUDED BAR VENDOR HEAT: NO. 481
PLANE: PARALLEL TO EXTRUSION DIRECTION (ARROWS) MAG: SOOX
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID. 33% WATER

Figure 6. Microstructure of As-Received Cb-132M Alloy 5/8D Bar
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ALLOY; CL-132M, EXTRUDED BAR
PLAHE: NORMAL TO EXTRU«OH DIRECTION MAC; SOOX
ETCH: 33» HYDROFLUORIC ACID. 33* NITRIC ACID. 33* WATER
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ALLOY: CM32M, EXTRUDED BAR VENDOR HEAT: MO. 489
PLANE: PARALLEL TO EXTRUMON DIRECTION (ARROWS) MAG; SOOX
ETCH: 33* HYDROFLUORIC ACID. 33* NITRIC ACID. 33* WATER

Figure 7. Microstructure of As-Received Cb-132M Alloy 1.25D Bar
Extruded at a 5:1 Reduction Ratio
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MAG: 1.5X

Figure 8 TRW TiCr-Si Coated Cb-132 Columbium Alloy Turbine 
Blades After 1 Hour and 40 minites of Opexaticm at an 
Airfoil Metal Teng>eiature of 1745”F and a Root Metal 
Tenq>erature of 1400*F (arrows locate fatigue cracks in 
blade root)



A» a result oí the literature survey and discussions with the AFML 
Project Engineer, the eight coating-substrate systems shown below were 
selected for the preliminary screening evaluation. As mentioned pre¬ 
viously, the supplemental systems were not candidates for further evalua¬ 
tion in the Phase 11 and Phase III portions of the program. 

System 
AjElicatlon 

High tem¬ 
pera turn 

High tem¬ 
perature 

Low tem¬ 
perature 

Application 
Area Classification 

Vane Original 

Original 

Supple¬ 
mental 

Blade air- Original 
foil 

Supple¬ 
mental 

Blade root Original 

Original 

Original 

Coating 
Coating/Substrate Supplier 

TiCr-Si (vacuum) TRW 
pack/C-129Y 

Tl-CrTi-Si (triplex) Sylcor 
pack/D-43 

SiCrTi slurry/ Sylcor 
D-43 

TiCr-Si (vacuum) TRW 
pack/Cb-132M 

TiCr-.°i (slip) pack/ TRW 
Cb- 132M 

Sn-Al (505-F)/ Sylcor 
Cb-132M 

Ag-Al-Si (508-C)/ Sylcor 
Cb-132M 

Zn/Cb-132M 

2. 2 COATINGS APPLICATION 

2.2.1 TRW TiCr-Sl/C- 129Y 

Application of the TiCr-Si coating on the C-129Y alloy was accom- 
pllehed at TRW by using a 2-cycle vacuum pack process and the parameters 
outlined below. 

e Cycle I: The first low-pressure cycle consisted of chromium- 
titanium deposition at 2200*F for 8 hours from a 60Cr-40Ti 
weight percent pack utilising a potassium fluoride activator. 

e Cycle 2t The second low -pr sure cycle, a silicomsing process, 
was conducted at 2090*F for a period of 4 hours, also utilising a 
potassium fluoride activator. 



Metallography of the resulting coating (Figure 9) revealed a structure 
consisting of four distinct layers as follows: two predominantly titanium- 
chromium silicide outer coating layers each 1 mil thick, a 0.25-mil layer 
of (Cb, Ti)Cr2Í-aves phase, and a titanium-rich solid solution layer (im¬ 
mediately oeneath the Laves phase) which visibly extended into the sub¬ 
strate about 0. 7 mil (Ref. 25). Some Laves phase penetration into sub¬ 
strate grain boundaries was noted. 

The metallic gray surface of the coated specimens showed fine craze 
cracks and randomly located "silvery" spots. The majority of tire surface 
cracks extended only through the outermost silicide layer. However, some 
of these cracks penetrated through both silicide layers to the (Cb,Ti)Cr2 
Laves phase (see Figure 9). Coating coverage at the corner and edge sur¬ 
faces appeared excellent. 

2.2.2 TRW TiCr-Si (Vacuum) Pack/Cb-132M 

The 2-cycle vacuum pack process described for the TiCr-Si/C-129Y 
system was also used to apply the TiCr-Si coating to the Cb-132M alloy 
specimens. The coating on the Cb-132M alloy showed a structure signifi¬ 
cantly different from that observed on the C- 129Y substrate. Although the 
coating composition can still be represented by the expression (Cb.Ti, 
Cr. . . )x^iy (Ref. 25), no distinct layers of constituent-rich regions were 
observed (see Figure 10). 

Hairline surface craze cracks, which generally penetrated through the 
entire coating thickness of approximately 2.5 mils, were noted. Surface 
coverage at specimen corners and edges was excellent. 

2.2.3 TRW TiCr-Si (Slip) Pack/Cb-132M 

The slip pack process developed by TRW is a 2-stage slurry application 
of the Ti-Cr-Si coating. The first stage consisted of spray coating with a 
.urry of the following composition: 90 weight percent SOCr-SOTi (pre¬ 

alloyed) and 10 weight percent pure titanium powder; these parts mixed with 
polyisobutylene binder plus I percent potassium fluoride in a toluol vehicle. 
The chromium-titanium layer was developed at ¿340#F (12 hours) and 150 
mm pressure of back-filled argon. 

The siliconizing cycle involved application of silicon powder mixed with 
a binder plus 1 percent potassium fluoride in a tuluol vehicle. The silicide 
layer was developed at 2000'F (3 hours) and 150 mm pressure of back-filled 
argon. 
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Figure 9. Typical Microstructure of the As-AH>Ued TRW TiCr-Sl 
(Vacuum) Pack Coating on C-129Y Alloy

M-



mm

Ni riATE

r,-4r.—i_ - ■_______ ' * ' «-

ETCH: 33X HYDROFLUORIC ACID, 33« NITRIC AOD, 33X WATER MAG: 500X

Figure 10. Typical Microstructure of the As-Ai^lied TRW TiCr-Si <Vacuum) 
Pack Coating on Cb-132M Allt^
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I»o distinct coating layers were m.taUographically <*«'”.d^n nddvtio„ 
« A 41 i-4tanitim-rich substrate diffusion layer (Figure 11). The outer 

to a 0. 4-mil titanium discontinuous silicon-rich regions in addition 
coating layer appeared to have d^.con Th. Becond lay<!r, also 
to the more continnon. (Tl.Cr.Cl> 2 P ation of the darUer 
predominantly (Ti.Cr ,Cb.. . )Si2, exhibitea 3 J 
phase (silicon-rich) to the coating-substrate interface. 

Th. surface appearance of the metallic-gray coating was similar to that 
noted lor the rcuum plclc process, although no macroscopic crane cracks 
Tere Apparent. Coverage at edge and corner surfaces was excellent. 

2 2.4 Sylcor Ti-CrTi-Si (Triplex) Pack/D-43 

Application of the Ti-CrTi-Si (triplex) pack coating was performed a. 

Sylcor utilizing the following parameters: 

. Cycle 1: Titanizing at 2200»F for 16 hours in vacuum 

# Cycle 2: Vacuum titarium-chromium deposition at 2200°F for 8 

hours 

, Cycle 3: Siliconizing in purified argon at 1900°F for 16 hours 

Due to the complicated geometry and size of the thermal fatigue speci¬ 
mens, these two specimens were coated in a second batch, separate from 

the oxidation-erosion and ballistic impact test specimen. 

The structure of the coating deposited in the first batch (Figure 12) con¬ 
tained four distinct microstructural regions. The outer layer of aPP^”“- 

mately 2 mils thickness was fairly homogeneous with 
f. y ., „h_qe Two darker regions totaling about 0. 1 mil thickness 

were^observed next to the coating-substrate interface. A «^»ct «hau'.on 

layer of titanium-rich solid solution extended into the substrate 

coating for approximately 0.9 mil. 

Metallography of coupons from the 
specimens showed a coating consisting only of dark Pha ”^8 J 
lavering of the 1.4-mil-thick coating was observed. However, these re 
liions were not separated by sharp phase boundaries. Numerous cracks 
tere noted in this 1.4-mil-thick layer. Beneath the coating an 
W , t nfcrai,,™ rich solid solution was observed containing some diffusion layer of titanium-rich sona soiui FWated-tem- 
precipitate of type (Cb,Ti)Cr2 Laves phase (Ref. 10, 25) Elected te 
oerature exposure resulted in continued precipitation of type (Cb, Tl Cr2 
Laves phase (Figure 14). Precipitation was concentrated at the coa g 

diffusion-zone boundary. 
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ETCH: 33K HYDROFLUORIC ACID. 33% NITRIC ACID, 33X WATER MAG: 500X

Figure 12. Typical Microstructure of the As-Applied Sylcor Ti-CrTl-Si 
(Triplex) Pack Coating on D-43 Alloy (Batch 1)
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Figure 13. Typical Microstructure of ttie As-.^9lied Sylcor Tl-CrTi-Si 
(Triplex) Pack Coating on D-43 ColumUum Alloy (Batch 2)
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Coverage by the dull-gray coating at corner and edge surfaces appeared 
good. The surfaces of the specimens in the first batch were very uniform. 
Bluish-gray discolorations were observed on those specimens coated in the 
second batch. 

2. 2. 5 Sylcor SiCrTi Slurry/D-43 

The single-cycle application of the Sylcor R-512-A coating was accom¬ 
plished by dipping the specimens in a slurry of Si-20Cr-5Ti and vehicle. 
Due to the geometrical complexity of the thermal fatigue specimens, dipping 
of the airfoil portion was followed by local spray application in the shroud 
areas. The coating structure was developed in a vacuum diffusion treatment 
at 25500F for a period of l hour. 

Metallography of the resulting coating revealed a structure consisting 
of three distinct layers (Figure 15). The outer layer, about 1.8 mils thick, 
contained a discontinuous second phase. The second layer of approximately 
0.6 mil thickness was columnar in structure. The discontinuous nature of 
the interface between these two regions suggests that the second phase in the 
outer coating layer is possibly of this silicide composition. The diffusion 
layer of 0.4 mil was very distinct and uniform in thickness. Numerous 
cracks were observed, some of which penetrated from the coating surface 
through the diffusion layer. 

The surfaces of the coated specimens appeared very homogeneous with 
no visible cracks. Excellent coverage of specimen corner and edge sur¬ 
faces was noted. 

2.2.6 Sylcor Sn-Al (505-F)/Cb-132M 

The spray application of the Sn-Al coating was followed by a vacuum 
diffusion treatment to develop a coating of approximately 5.5 mils thickness 
(Figure 16). Metallographie examination revealed four distinct coating 
layers: an outer layer consisting of a continuous tin-rich compound with 
M0AI3 and CbAl3 particles, a second layer predominantly CbAl3, and two 
diffusion layers consisting of lower aluminide compounds (Ref. 10). Cover¬ 
age of specimen surfaces was excellent. 

2.2.7 Sylcor Ag-Al-Si (508-C)/Cb-132M 

Application of the Ag-Al-Si coating was similar to the procedure utilized 
for the Sn-Al coating. A coating of approximately 5. 0 mils thickness was 
developed (Figure 17). The outer coating layer, consisting of an AgAl con¬ 
tinuous phase, also contained particles of S1.M0SÍ3 and Ag (Ref. 10). A 
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(Cb+Mo)-rich silicide layer was observed directly beneath the outer coating 
layer and a columbium-rich silicide layer was noticeable adjacent to the 

coating-substrate interface. 

As in the case of the Sylcor Sn-Al coating, coverage of the specimen 

corners and edges was excellent. 

2.2.8 Zinc-Base Coating/Cb-132M 

The zinc-base coating v»a. applied to Cb-132M alloy by Pratt Í, Whitney 
Aircraft for evaluation as a system for blaoe root application. Preliminary 
trials involved application of the coating on pure columbium metal. Coating 
microstructure (See Figure 18) similar to those reported in the literature 
(Ref 12 13, 26) were developed. Coating thicknesses varied from 4 to 8 
mils' after thermal conditioning in air at 1600‘F for 16 hours. Hot-dip 
application for 2 hours in an HOOT zinc bath resulted in the most homo- 

geneous coatings. 

Electroplated specimens developed extremely uniform coatings, but 
random areas exhibited separation of the coating from the metal substrate 
(Figure 19). Due to this behavior, this application technique was not con¬ 

sidered further. 

A preliminary zinc hot-dipping trial conducted on Cb-132M alloy using 
the above established conditions resulted in extremely thin coatings (0.2 to 
0.8 mil). Increasing the hot-dipping temperature from 1100 F to 1150 F 
and the time from 2 hours to 5 hours brought the coating thicknesses to 

within an acceptable 3- to 9-riiil range. 

The zinc coating was subsequently applied to the Cb-132M alloy Phas* 1 
test specimens. Metallographie examination of control coupons (Figure 20) 
showed that although the CbZn3 layer at the coating-substrate interface 
appeared normal, the outer coating layer of CbZn+CbZn! 5+CbZn2 d^f*r* 
significantly from the corresponding layer on the pure columbium subs r 
A columnar-type development of this layer was evident on the pure colum¬ 
bium substrate, while on the Cb-132M alloy this layer was laminar. 

Although application parameters were carefully reproduced 
successive coating runs, catastrophic oxidation occurred during 1600 F 
conditioning of Cb-132M specimens in five of the nine specimen batches 
coated under this contract. Extreme inconsistency of coating application 
and test results led to the elimination of the Zn/Cb-132M system with 
approval of the Air Force Materials Laboratory Project Engineer. 
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Figure 18. Typical Microstructure of the Hot-Dipped Zinc CoaUng 
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2.3 EVALUATION TESTING, HIGH-TEMPERATURE SYSTEMS 

2. 3. 1 Test Procedures 

Performance testing of the high-temperature systems for blade airfoil 
and/or vane application included three complementary preliminary screen¬ 
ing tests: oxidation-erosion, thermal fatigue, and ballistic impact. The 
purpose of these tests was to obtain qualitative data from which potential 
comparisons could be assessed and made between candidate systems for a 
given application. Therefore, in cases of promising but inadequate perfor¬ 
mance, modifications could be made (Phase U, Coating Improvement) or, in 
the case of outstanding performance, a system could be forwarded directly 
to Phase HI, Advanced Evaluation, for the generation of quantitative data 
The parameters of each test are discussed below. 

2.3. 1, I Oxidation-Erosion Procedure 

The erosion test specimens were machined from 0.5-inch-diameter 
bar stock to ths required "airfoil" shape (Figure 21). Testing *a. conducted 
in a combusted JP-5 fuel and air stream at 2200° and 2400 *F using the test 
ng shown in Figure 22. Specimens were rotated at 1750 rpm in groups of 
eight for temperature uniformity. Temperature during testing was deter¬ 
mined by an optical pyrometer and checked at 30-minute intervals. Coatins- 
substrate systems not exhibiting failure after 100 hours at 2200*F were 
tested further at 2400*F. Specimens were visually inspected and/weighed 
after each 20 hours of testing. F our specimens were tested for each system 

2.3.1.2 Thermal Fatigue Procedure 

Blade alloy thermal fatigue specimens were forged by TRW, Inc from 
0.5-inch-diameter bar stock (Figure 23). During testing the specimens 
were rotated at 1850 rpm in groups of 12 for temperature uniformity. In 
cases where less than 12 specimens were being tested, dummy blanks were 
use to complete the set for rig-balancing purposes. The test rig is shown 
in Figure 24. Two specimens per system were tested. 

The vane alloy thermal fatigue specimens, illustrated in Figures 25 and 
26, were fabricated from sheet and bar material. The airfoils were cold- 
formed from 0.050-inch-thick sheet with a leading edge bend radius of two 
and one-half times the sheet thickness. Joining of the trailing edge was 
accomplished by manual TIG (tungsten inert gas) welding with parent metal 
filler rod in an argon atmosphere dry box. Atmosphere dew point was 
maintained at -40#F or lower. The resultant joint was blended to the 
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Figure 22. Burner Test Rig for Oxidation-Erosion Studies
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Figure 23. Forged Paddle Specimen Configumion for Thermal Cycling 
Tests 
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Figure 24. Thermal Fatigue Bow Rig Showing Position of Specimens 

ia Relation to Burner Nozzles



AIRFOIL 

HANDLE 

HANDLE BUTT 
PLATE 

TRAILING EDGE TIG WELDED 
(TUNGSTEN INERT GAS) 

PLATFORM 

0 
C X 

SCALE APPROXIMATE 

2 INCHES 
□ 

Figure 25. Vane Airfoil Specimen Configuration for Thermal Cycling 
Tests 



Figure 26. Typical Uncoated Vane Thermal Fatigue Specimen



desired trailing edge contour. Remaining details of the completed assembly 
were similarly joined by welding. The specimens were tested utilizing the 
single-vane test rig shown in Figure 27. Duplicate specimens were tested. 

Test parameters for both the blade and vane alloy specimens consis¬ 
ted of heating to the desired peak temperature in combusted JP-5 fuel and 
air stream, stabilization at this temperature for 30 minutes, and cycling by 
alternate heating to the peak temperature and cooling to approximately 200°F 
with an ambient temperature air blast. Parts were visually inspected at 
the end of each 100 or 200 cycles. On resumption of testing at the initial 
elevated temperature, a 5-minute stabilization was used for the blade air¬ 
foil specimens and a 30-minute stabilization for the vane alloy specimens. 
Each cycle consisted of l minute at the elevated temperature followed by a 
30-second ambient temperature air blast of 60-65 psi. Temperatures were 
determined with an optical pyrometer. 

2. 3. 1.3 Ballistic Impact Procedure 

The ballistic impact tests were conducted on Û. 050xlx2-inch coupons for 
the vane systems and 0. 125x0.5x2-inch coupons for the blade airfoil system. 
During testing, the specimens were mounted in grips utilizing transite cov¬ 
erings to avoid local coating damage. A 0.75-gram steel pellet was fired at 
velocities of 200, 500, and 900 feet per second at a point one-half inch 
above the grips to avoid bending moment variations between tests. Heating 
was accomplished with an acetylene torch with impact occurring at the end 
of a 10-minute stabilization period. Specimens were impacted at room 
temperature, 2200#F, and2400*F. Temperature measurements were made 
with an optical pyrometer. To determine the amount of resulting coating dam¬ 
age, the specimens were subjected to 2200#F static-air oxidation after impact. 

2. 3. 2 Test Results 

2. 3. 2. 1 Oxidation-Erosion Results 

As previously discussed in the Literature Survey section of this report, 
the TRW TiCr-Si coating on D-43 alloy was evaluated by Pratt & Whitney 
Aircraft prior to this program. Since in-hor $e data on the oxidation-ero¬ 
sion performance of this system was available, additional TRW TiCr-Si/ 
D-43 test specimens were included during some of the Pha'-e I (and Phase II) 
tests in this program as test standards. 

TRW TiCr-Si (Vacuum) Pack/C- 129Y. The maximum protective life of 
the TRW TiCr-Si coating on the C-129Y substrate was 100 hours at 2200°F 
plus 40 hours at 2400‘F. Failures by local oxidation first appeared at the 
end of 100 hours at 2200*F. Prior to failure, the specimens developed a 
coarse surface texture resulting from oxide formation within surface craze 
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cracks (Figure 28), which eventually led to localized spalling of the coating. 
The progressive failure of these specimens as observed metallographically 
was similar to that described in paragraph 2. 3.2.2, Thermal Fatigue Re¬ 

sults, TRW/C-129Y system. 

CaUstrophic low-temperature (1500,-2000*F) oxidation was experienced 

on TRW coated C-129Y alloy. During testing, the specimens were secured 
in a circular holder (Figure 22). The holder or grip portions of the speci¬ 
mens generally operate 200* to 500*F cooler than the airfoils, the tempera¬ 
ture difference depending on the airfoil temperature. After 40 test hours at 
an airfoil temperature of 2200*F, considerable oxidation occurred in this 
area and increased during continued testing (Figure 29). It was felt that 
this behavior may have resulted from a detrimental reaction between the 
coating and the nickel-base-alloy specimen holder. However, this attack 
was not noted on TRW coated Cb-132M and the D-43 alloy specimens. Wurst 
and Cherry (Ref. 2) ^apor'.ed similar results for the TRW TiCr-Si coating 
on C-129Y alloy during cyclic oxidation testing at 1600 °F. 

TRW TiCr-Si (Vacuum) Pack/Cb-132M. This coating-substrate system 
demonstrated an oxidation-erosion life of 100 hours at 2200“F plus 40 hours 
at 2400*F. No premature failures were observed. During testing, the 
surface of the coating developed yellowish-white discolorations on flat air¬ 
foil surfaces and gray-to-black discolorations on the leading and trailing 
edges. Failure occurred by localized oxidation on the leading edge, trailing 
edge, and flat airfoil surfaces. These oxide formations extended out of 
surface craze cracks (Figure 30). The progressive deterioration of the 
coating at these craze cracks was similar to that mentioned previously for 
the TRW TiCr-Si/C- 129Y system. General specimen appearance after 
failure was good in that failure of the entire coated airfoil surface had not 

occurred. 

TRW TiCr-Si (Slip) Pack/Cb- 132M. During oxidation-erosion testing, 
failures were observed for the TRW slip pack coating from 60 hours at 
2200*F to 100 hours at 2200*F plus 40 hours at 2400*F. These failures 
were localized on the trailing edge surface and the airfoil tip (Figure 31). 
Microexamination of these spot oxide formations revealed sufficient sub¬ 
strate oxidation at these locations (Figure 32). Continued testing resulted 
in the formation of additional oxidation progressing from the lower-tempera¬ 
ture tip toward the center of the airfoil (operating at a slightly higher tem¬ 
perature). Metallographie examination revealed oxide penetration (Figure 

33). 

Svlcor Ti-CrTi-Si (Triplex) Pack/D-43. This coating-substrate system 
exhibited an oxidation-erosion life of from 80 hours at 2200°F to 100 hours 
at 2200*F plus 20 hours at 2400*F. During testing, yellowish-brown dis¬ 
coloration of the gray coating was observed on the airfoil surfaces. Failure 
occurred by local oxidation at the leading and trailing edge surfaces. In 
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Figure 28. Microstructure of TRW TiCr-Si (Vacuum) Pack Coatii^ on C-129Y 
Columbium Alloy After 100 Hours of Oxidation-Erosion Testing 
at 2200*F

%

PWPPK^



»«ani»i.?^ :■ ‘ '•-« r-

L

!.

\i
i
i"-

MAG: 1.2SX
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Figure 30. Microstructure of TRW TlCr-Sl (Vacuum) Pack Coating on 
Cb-132M Columblum Alloy Alter Oxidation-Erosion Testing 
for 100 Hours at 2200*F Plus 40 Hours at 2400*F
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Figure 31. Typical Surface Appearance of the TRW TiCr-Sl (Slip) Pack 
Coating on Cb-132M Alloy After 40 Hours Oxidation-Erosion 
Testing at 2200*F (note spot failures developing at airfoil tip)
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Figure 32. Microstructure of TRW TiCr-Si (Slip) Pack Coated Cb-132M
Columbium Alloy in Area of T5rpical Failure During Oxidation- 
Erosion Testing.
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Figure 33. Typical Microstructure of the TRW TiCr-Si (S14>) Pack Coating 
on Cb-132M Alloy After Oxidation-Erosion Testing for 100 
Hours at 2200*F



areas away from these point failures, the coating appeared completely in¬ 
tact and in satisfactory condition; i.e. , failure of the airfoil surfaces was 
more confined for Sylcor/D-43 system than for the TRW/C-129Y and the 
TRW/Cb-132M systems. Microexamination (Figure 34) showed erase 
crack propagation extending through the coating. Oxidation progressed 
along the coating-diffusion-zone interface during continued testing. 

Sylcor SiCrTi Slurry/D-43. Oxidation-erosion performance of the 
Sylcor SiCrTi slurry coating was markedly different from that of the other 

coatings. After 20 hours at 2200^, the coating appeared to be eroding 
along the airfoil corners and edges (Figure 35). This behavior continued for 
approximately 60 test hours, resulting in increasing exposure of a dark 
underlayer. Although this behavior apparently resulted from coating ero¬ 
sion, the protective qualities of the coating did not appear to be detrimen¬ 
tally affected (Figure 36). 

The life of the coating was from 100 hours at 2200*F plus 20 hours at 
2400°F to 100 hours at 2200*F plus 40 hours at 2400*F., Failure was by 
extensive oxidation of the trailing edge surface. Typical structure of the 
coating after testing is presented in Figure 37. 

2.3.2.2 Thermal Fatigue Results 

TRW TiCr-Si (Vacuum) Pack/C-129Y. The first of two TRW TiCr-Si 
(vacuum) pack coated C-129Y alloy specimens was tested for 600 thermal 
fatigue cycles at 2200*F. Although no failure was noted (see Figure 38) the 
specimen was examined metallographically to obtain information on the 
coating structure at this stage of testing. Surface craze cracks resulting 
from coating-substrate thermal expansion differences were visible. These 
cracks, however, had not penetrated the (Cb,Ti)Cr2 Laves phase into the 
C-129Y alloy substrate (Figure 39). 

The second TRW TiCr-Si coated C-129Y alloy specimen was thermal 
fatigue tested as follows: 

• 600 cycles at 2200 *F, followed by 

• 400 cycles at 2400'F, followed by 

• 400 cycles at 2500*F 

The additional 800 cycles at the elevated temperatures extended flow 
of a dark surface phase at the leading and trailing edges (Figure 40). The 
airfoil surface was analyzed by X-ray diffraction to determine whether any 
sulfur or sulfur-rich combustion products from the JP-5 fuel were reacting 
with the silicides in the coating to form the dark surface phase. No 
evidence of sulfur compounds was detected. The dark, glassy phase was 



K

‘ , >S. * if V * •' \»
?>: -■* '‘V ' •• '

? % •* •
• • • _ ■»

’•* '• I .- .. >.

^ *

ETCH: 33* HYDROFLUORIC ACID, 33* NITRIC ACID, 33* WATER MAG: 500X

Figure 34. Microstructure of Sylcor Tl-CrTi-Sl (Triplex) Pack Coating on 
D-43 Columblum AUoy After 100 Hours of Oxidation- 
Erosion Testing at 2200*^
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Figure 35. Typical Surface Appearance of the Sylcor SiCrTi Slurry
Coating on D-43 Alloy After 20 Hours of Oxidation-Erosion 
Testing at 2200*F



t ■

MAG: 1.2X

Figure 36. Typical Surface Aiqwarance of the Sylcor SiCrTi Slurry
Coating on D-43 Alloy After 100 Hours of Oxidation-Erosion 
Testing at 2200"F
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Figure 37. Microstructure of the Sylcor SiCrTl Slurry Coating on EK43
Alloy After Oxidation-Erosion Testing for 100 Hours at 2200°F 
Plus 40 Hours at 2400"F
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Figure 39. Microstructure of TRW TiCr-Si (Vacuum) Pack Coated C-129Y 
Columbium Alloy Vane Specimen After 600 Thermal Cycles 
at 2200"F
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Figure 40. TRW TiCr-Si (Vacuum) Pack Coated C-129Y Columbium Alloy 
Vane Specimen After 600 Thermal Cycles at 2200°F, 400 
Cycles at 2400*F, and 400 Cycles at 2500°F
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apparently an SiC^-rich amorphous phase resulting from reaction with 
oxygen Some erosion of the SiOz-rich phase occurred on the specimen 
leading edge surface as illustrated in Figure 40. 

Localized oxidation and spalling were observed on the internal airfoil 
surfaces and the external surfaces away from the leading and trailing edges 
Substrate oxidation had occurred at three locations on the airfoil trailing 
edge (see Figure 40). No airfoil cracking was apparent, and, in most 
cases, oxidation at the base of coating craze cracks had not penetrated the 
(Cb,Ti)Cr2 Laves phase. Increases in substrate microhardness just below 
the coating interface, however, suggest that embrittlement had occurred in 
these areas (Figure 41). 

In comparing the coating structure of the latter specimen with the one 
tested for only 600 cycles at 2200 *F, two failure mechanisms were ob¬ 
served to be operative. First, repeated cycling (or longer times in the 
case of oxidation-erosion) at the higher temperatures led to increased 
craze crack oxidation extending laterally between the (Cb,Xi)Cr2 Laves 
phase layer and the outer silicide layers of the coating (Figure 42). This 
continued oxidation caused greater separation of the coating layers and a 
widening of the craze cracks. Second, oxygen apparently penetrated the 
(Cb,Ti)Cr2 Laves phase during this period, causing a volume increase in 
the contaminated substrate region. The Laves phase exhibited sufficient 
ductility at the elevated temperatures to plastically deform during the 
volume change. However, the phase eventually either mechanically rup¬ 
tured or was depleted to the extent that attack of the columbium substrate 
occurred (see Figure 42). 

TRW TiCr-Si (Vacuum) Pack/Cb-132M. After only 400 cycles at 
2200 sF7 the specimens exhibited localized oxidation and spalling on the air 
foil surfaces (Figure 43). These spot failures resulted from the presence 
surface craze cracks (observed on ti e as-coated specimens) and led to pro 
gressive deterioration of the coating during continued testing. This poor 
performance was in contrast to quite favorable results obtained during the 
oxidation-erosion tests. However, as previously discussed in paragraph 
2.2, Coatings Application, no distinct (Cb, Ti)Cr2-type Laves phase was 
observed for the TiCr-Si coating on the Cb-132M alloy and these results 
therefore indicate that a continuous protective phase at the coating-sub¬ 
strate interface is necessary for good thermal fatigue performance. In the 
absence of a protective layer adjacent to the substrate, surface craze 
cracks extended from the surface directly to the substrate where oxidation 
occurred (Figure 44). Further testing (beyond the first 400 cycles) led to 
progressive specimen deterioration due to substrate oxidation and embrit¬ 
tlement. 

TRW TiCr-Si (Slip) Pack/Cb-132M. After 200 thermal fatigue cycles 
af 2200*F, localized oxidation in spalled areas was observed on the 
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Figure 41. Microstructure of TRW TiCr-Si (Vacuum) I»ack Coated 
C-129Y Alloy Vane Specimen After 600 Thermal Cycles 
at 2200*F, 400 Cycles at 2400°F, and 400 Cycles at 
f'500'F, Showing Representotive Diamond Pyramid Hard­
ness Values (gm/mm^; 50-gram load) at Locations in 
Substrate
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Figure 42. Microetructure of the TRW TlCr-Sl (Vacuum) Pack Coating on 
C-129Y Alioy Showing Extension of Craze Crack and Penetra­
tion of the (Cb, Ti)Cr2 Laves Phase as a Result of Continued 
Testing
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specimen airfoil surfaces (Figure 45). An additional 200 cycles at 2200*F 
resulted in further degradation of these areas as well as the generation of 
new spalled areas. 

Metallographie examination after 400 thermal fatigue cycles revealed 
oxide penetration through the coating and oxidation of the substrate (Figure 
46). 

Sylcor Ti-CrTi-Si (Triplex) Pack/D-43. Two specimens failed during 
2200*F testing, one specimen after 400 cycles (Figure 47) and the other 
after 600 cycles (Figure 48). In both cases, failure was by airfoil cracking. 
The coating on the external airfoil surfaces after failure appeared to be in 
good condition v/ith no areas of substrate oxidation. Metallographie exami¬ 
nation revealed that the inadequate performance was due to the following 
factors. 

• The absence of a continuous coating protective phase at the coating- 
substrate interface resulting in craze crack propagation from the 
coating surface to the substrate (Figure 49) 

• Inadequate coating coverage on internal surfaces of the airfoil, 
particularly at the trailing edge (Figure 50) 

Sylcor SiCrTi Slurry/D-43. After 600 thermal fatigue cycles at 
2200°F, both test specimens were in good condition. The general surface 
appearance of the coating was very good, although a reaction had occurred 
at the leading edge surface (Figure 51). Additional testing at 2400°F for 
400 cycles resulted in continued reaction and liquid phase flow back along 
the airfoil surface (Figure 52). 

After an additional 500 cycles at 2500eF, the first specimen exhibited 
severe degradation at the leading edge, an area of substrate oxidation at the 
trailing edge, and substrate oxidation at the open end of the airfoil at the 
airfoil trailing edge weld joint (Figure 53). The previously described 
coating flow was witnessed during 2500 #F testing. The flow was extensive 
and proceeded in a pulsating fashion. 

An additional 400 thermal cycles at 2500*F on the second test specimen 
did not produce the severe degradation exhibited by the first specimen, but 
a small area of coating failure was obsei ved on the leading edge surface 
(Figure 54). After testing, that portion of the leading edge from where the 
majority of the outer coating layers had flowed back along the airfoil was 
very smooth and appeared to be "fire polished". In addition to coating loss, 
metallographic examination of the leading edge revealed formation of dis¬ 
crete particles (probably oxide) in the outer layers of reacted crA mg. 
Penetration of oxide through the coating was evident (Figure 55), but no 
distinct oxidation of the substrate was noticeable. Metallographie 



MAG; 1.2X

Figure 45. Surface Appearance of liie TRW TiCr-Si (Slip) Pack Coating 
on Cb-132M Alloy After 200 Thermal Cycles at 2200*F
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Figure 46. Microstructure of the THW TiCr-Si (Slip) Pack Coating on 
Cb-132M Alloy After 400 Thermal Cycles at 2200“F
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Figure 47. Sylcor Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium AUoy 
Vane Specimen After 400 Thermal Cycles at 2200“F
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Figure 48. Sylcor Tl-CrTl-Si (Triplex) Pack Coated D-43 Columbium Alloy 
Vane Specimen After 600 Thermal Cycles at 2200*F
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Figure 50. Microstructure at Internal Trailing Edge Surface of Sylcor
Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium Alloy Vane 
Specimen After 400 Thermal Cycles at 2200°F (note absence 
of coating
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Figure 51. Surface Appearance of the Sylcor SlCrTl Slurry Coating on 
D-43 Alloy After 600 Thermal Cycles at 2200*F
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Figure 52. Surface Appearance of the Sylcor SiCrTi Slurry Coating on E>-43 
Columbium Alloy After 600 Thermal Cycles at 2200°F and 
400 Cycles at 2400*’F
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Figure 53. Surface Appearance of the Sylcor SlCrTi Slurry Coating on 
D-43 Columblum Alloy After 600 Thermal Cycles at 220 J*F,
400 Cycles at 2400*F, and 500 Cycles at 2500*F (^»cimen No. 1)
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Figure 54. Surface Ai^arance of the Sylcor SlCrTi Slurry Coating on 
D-43 Columbium Alloy After 600 Thermal Cycles at 2200°F,
400 Cycles at 2400*F, and 400 Cycles at 2500°F (Specimen No. 2)
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Figure 55. Microstructure of Sylcor SiCrTi Sbirry Coated D-4S
Columbium Alloy Vane Specimen After 600 Cycles at 2200*F 
Plus 400 Cycles at 2400°F Plus 400 Cycles at 2500”F



examination also showed excellent coating coverage on internal airfoil 
surfaces (Figure 56). 

2.3.2.3 Ballistic Impact Results 

The impact characteristics for both the original and supplemental 
systems did not differ appreciably during ballistic impact testing. The 
physical characteristics of the specimens were characterized by five zones, 
depending on the condition o¿ the outer silicide layers after impact and 
before oxidation exposure (Figure 57). These zones were as follows: 

t Zone I, impact depression: A region consisting of crushed and 
compressed coating. The outer silicide layers exhibit complete 
structure disregistry after impact. 

• Zone II, scab area surrounding impact depression: This area is 
characterized by complete removal of the outer silicide coating 
h.yers. An increase in impact velocity results in extension of 
this zone; whereas scabbing is reduced as impact temperature is 
increased beyond approximately 2i.00*F. 

• Zone III, unaffected coating: The areas of the specimen lying out¬ 
side of the impact-affected zones. 

• Zone IV: This zone is characterized by coating adherence with 
perpendicular cracking and separation of the outer silicide layers 
in the area of specimen directly behind the impact point. 

• Zone V, scab area surrounding the protrusion of Zone IV: The 
scabbing surrounding Zone IV is similar in nature but less severe 
than that observed in Zone II. 

Due to the thickness of the blade airfoil test specimens (0. 125 inches 
compared to 0.050 inches for the vane alloy test specimens), Zones IV and 
V did not appear on these specimens. The as-impacted surface appearance 
of representative specimens of each system are illustrated in Figures 58 
through 65. A summary of the ballistic impact test results on all five 
coating-substrate systems is presented in Table IV, with the observed 
condition after oxidation exposure for various periods at 2200 "F. In all 
cases, failures were first noted in the scabbed areas (either Zone II or 
Zone V). Oxidation was generally more prevalent on the impact sides of 
the specimens. 
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Figure 56. Microstructure at Internal Trailing Edge Surface of Sylcor 
SiCrTi Slurry Coated I>-4S Alloy Vane Specimen After 
600 Cycles at 2200'F, 400 Cycles at 2400"F, and 500 Cycles 
at 2500"F (airfoil center location)
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ZONE I; OUTER SILICIDE LAYERS CRUSHED AND
COMPRESSED WITHIN IMPACT DEPRESSION

ZONE II; SCAB AREA, TENSILE STRESS EXCEEDING 
FRACTURE STRESS OF THE OUTER 
SILICIDE COATING LAYERS

ZONE III; UNAFFECTED COATING

POINT OP IMPACT

■i-

SURFACE BEHIND 
IMPACT POINT

ZONE IV; OUTER SILICIDE LAYERS RETAINED AND 
SEPARATED INTO ISLANDS

ZONE V; SCAB AREA, TENSILE STRESS EXCEEDING
FRACTURE STRESS OF THE OUTER SILICIDE 
COATING LAYERS

MAG (PHOTOGRAPHS ONLY); 10X; SKETCH NOT TO SCALE

Figure 67. Schematic Cross Section of a Typical Coa*«d Specimen After 
Ballistic Impact Test
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Figure 58. Surfaces of TRW TiCr-Si (Vacuum) Pack Coated C-129Y 
Columbium Alloy After Room Ten^wrature Impact at 
500 Feet Per Second (ik) oxidation exposure)
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Flgur* 59. Surfaces of TRW TiCr-Sl (Vacuum) Pack Coated C-129Y 
Columbium Alloy After Impact at 500 Feet Per Second at 
2200*F (no oxidation eiqmaure)
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Figure 60. Surface of TRW TiCr-Sl (Vacuum) Pack Coated Cb-1S2M Alloy 
After 2200*F Impact at 500 (top) and 900 (bottom) Feet Per 
Second (no oxidation ej^sure)
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Figura 61. Surface ol TRW TiCr-Sl (SUp) Pack Coated Cb-132M AUoy Alter 
Room Tenqperature Iiqpact at 500 Feet Per Second (top) and 
2200*F Impact at 500 Feet Per Second (bottom) (no oxidation 
exposure)
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Figure 62. Surfaces of Sylcor Ti-CrTi-SI (Triplex) Pack Coated D-43 
Columbium Alloy After Room Temperature Impact Testing 
at 500 Feet Per Second (no oxidation exposure/
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Figure 63. Surfaces of Sylcor Ti-CrTl-Sl (Triplex) Pack Coated D-43 
Columbium Alloy After Impact at 500 Feet Per Second at 
2200*F (no oxidation exposure)
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Figure 65. Surfaces of Sylcor SiCrTi Slurry Coated £>-43 Cohunbium 
Alloy After 2200*F Impact at 500 Feet Per Second (no 
oxidation e>qx>8ure)
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2.4 EVALUATION TESTING. LOW-TEMPERATURE SYSTEMS 

Coating of the root section of a columbium alloy turbine blade requires 
a different approach than coating of the airfoil. The blade root is not ex¬ 
posed to a high-velocity gas stream and therefo e does not require a 
coating with good erosive properties. However, the coating must exhibit 
sufficient ductility to deform without cracking in the highly stressed root 
section and sufficient wear resistance to tolerate the blade-disk bearing 
loads. Root strains are sufficient to fracture brittle coatings and lead to 
subsequent failure through oxidation and/or mechanical fatigue. A result of 
this type is illustrated in Figure 8, where coating cracks led to substrate 
fatigue failure in a turbine blade root section during engine operation. 

Two complementary tests were utilised to evaluate the performance of 
the candidate blade root coating systems: prest rain/oxidation and wear- 
galling. These tests were performed to measure coating ductility and 

resistance to bearing and shear loads. 

2.4.1 Test Procedures 

2.4.1.1 Prestrain/Oxidation Procedure 

Blade alloy prestrain/oxidation specimens were of a round-bar tensile 
configuration (Figure 66, drawing A). Specimens were initially strained to 
a predetermined level of elastic-plus-plastic deformation at room tempera- 

♦nre followed by sta'.ic oxidation exposure at 1300*F. 

Uncoated Cb-132M alloy specimens were tested at room temperature to 
establish a representative tensile stress-strain curve. All specimens 
failed prematurely in the threaded areas at stress levels below the propor¬ 
tional limit due to the notch sensitivity of the recrystallized Cb-132M alloy. 
To accommodate evaluation of the Sn-Al and the Ag-Al-Si coated^test bars 
of this geometry, specimens were subsequently strained at 1300*F in an 
effort to minimize the brittle behavior of the alloy. 

The geometry of the specimen was then modified to decrease the cross- 
sectional area of the gage section relative to that of the threads and also to 
increase thread root radii (Figure 63, drawing B). An uncoated specimen 
of this configuration was strained at room temperature and served as a 
standard for subsequent tests. Prestraining of the coated specimens was 
conducted at both 70*F and 1300°F. After prestraining, the specimens were 
subjected to oxidation exposure in still air at 1300*F until failure or for a 

maximum of 8 hours. 



DRAWING A 

DRAWING B 

Figure 66. Tensile Specimen Configuration Used for Prestraln/Oxidation 
Tests Before (Drawing A) and After (Drawing B) Modification 



Two tests which simulate the bearing and shear loads experienced by 
blade root areas were utilized. One specimen configuration (Figure 67) 
permitted two tests to be run on each piece (one test at each end of the 
specimen). Coated specimens were loaded against a mating surface of 
PWA 1003 (Incoloy 901) nickel-baae turbine disk alloy, and subjected at 
various face pressures to translational motion imposed parallel to the 
matine surfaces at 1725 cycles per minute with a total deflection of 0.050 
inch per one-half cycle. The tests were performed at 1300 #F. The deflec¬ 
tion and face pressure for succeeding tests were varied between the limits 
of 0.010 to 0.050 inch and 200 to 5000 psi, respectively. All tests were 

performed at 1300*F. 

To supplement these data, the wear-galling test described below was 
performed to simulate conditions found in the turbine blade root sectioné 
during steady state operation. Rather than a traversing motion between two 
parallel surfaces, very small shear distances were utilized on a dovetail 
root configuration (Figure 68). Specimens were held at 1300°F, loaded 
against a mating surface of PWA 687 (Waspaloy) nickel-base turbine disk 
alloy, subjected to a tensile load of 2000 psi and a vibratory load of ±200 
psi. The vibration frequency was 3600 cycles per minute. 

After testing, the specimens were exposed to still air at 1300“F to 
establish the extent of coating damage. The maximum exposure was 24 

hours. 

2.4.2 Test Results 

2.4.2.1 Prestrain/Oxidation Results 

Initially, 1.5 to 3.0 percent elastic-plus-plastic prestrain at room 
temperature was desired so that direct comparisons of relative coating 
performance could be made with published data (Ref. 27, 28). Although the 
modified tensile specimen configuration eliminated the problem of failure 
within the specimen threads, brittle fracture often occurred within the gage 
section after approximately 0.2 percent elastic and 0.5 percent plastic 

strain at 1300 *F. 

Svlcor Sn-Al (505-F)/Cb-132M. The two original specimens were pre- 
strainea a total of 1.45 and 1.52 percent plastic strain, respectively, at 
1300'F prior to failure in the specimen threads (Table V, Tests Nos. 1 and 
2). For the modified specimens (Table V, Tests Nos. 3 and 4) oxidation 
exposure at 1300*F after prestraining resulted in almost immediate oxida¬ 
tion at ruptured areas in the coating (see Figure 69). Metallographie 
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examination revealed that rupture, and in some cases separation of the 
CbAl3 and the lower aluminide layer, had occurred near the coating-substrate 
interface (Figure 70). Discussions with the coating supplier disclosed that 
this behavior was not typical. Two additional specimens were therefore 
coated at Sylcor and subsequently presrrained at 1300*F (Table V, Tests 
Nos. 5 and 6). No coating failures were observed after 8 hours oxidation 
exposure at 1300°F, and metallographic examination after testing revealed 
that although some coating cracking had occurred, the integrity of the coat¬ 
ing had been maintained (Figure 71). 

Sylcor Ag-Al-Si (508-C)/Cb-132M. The Ag-Al-Si/Cb-132M modified 
specimens performed well after 1300*F prestraining (Table V, Tests Nos. 
7-10). After 1300#F oxidation exposure of the specimen in Test No. 10 
(Table V), some coating cracking at the coating-substrate interface was 
observed (Figure 72), but no oxidation had occurred during the 8-hour expo¬ 
sure after prestraining. 

Zinc-Base Coating/Cb-132M. The zinc coating and/or the zinc coating 
process resulted in severe embrittlement of the substrate (see Table V, 
Tests Nos 11 and 12). Both specimens failed below the proportional limit, 
thereby yielding no plastic strain data. As discussed previously in para¬ 
graph 2.2.8, Coatings Application, Zinc-Base Coating, the poor reproduci¬ 
bility of the coating application process led to elimination of the zinc coating 
from the program. 

2.4.2.2 Wear-Galling Results 

Sylcor Sn-Al (505-F)/Cb-132M and Ag-Al-Si (508-C)/Cb-132M. For 
the drum-type specimen configuration, tests showed that both the Sn-Al and 
the Ag-Al-Si coatings had almost no resistance to wear at face pressures 
from 200 to 5000 psi (Table VI). In each test, complete coating destruction 
resulted almost immediately, although the total test times ranged from 15 
to 60 minutes (approximately 26,000 to 104,000 cycles). The poor perfor¬ 
mance was attributed to two factors: 

• At 1300°F, some phases of each coating exist as high-viscosity 
liquids, and the presence of molybdenum compounds in outer 
coating layers does not sufficiently improve the wear characteristics. 

• The traversit g distance of 0.050 inch in combination with the pure 
shear stresses was too severe for the extremely "ductile" coating 
phases (the tin-rich phase and the silver- or aluminum-rich 
phases). 

The additional test data generated, using the dovetail-configuration 
specimens, are summarized in Table VU. Results of these tests were 
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Figure 70. Microstructure of Sylcor S&-A1 Coating on Cb-132M Alloy
After I300*F Prestrain Showing Cracks At and Near Coating- 
Substrate Interface
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Figure 71. Microstructure of Sylcor Sn-Al Coating on Cb-132M Alloy 
After 1300'F Prestrain
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Figure 72. Microstructure of Sylcor Ag-Al-Sl Coatiug on Cb>132M Alloy 
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somewhat better than those obtained using the drum-type specimens. After 
4.5xl05 cycles at 1300*F, both Sn-Al coated t» st specimens were brazed 
to the nickel-base turbine disk alloy in the contact areas. The coating was 
smeared and partially removed, but no areas of substrate oxidation were 
visible after testing (Figure 73). Subsequent exp »cure at 1300*F in still air 
revealed local oxidation on load-bearing surfaces after 4 hours. After 8 
hours, general oxidation occurred along most of the wear-galling surfaces. 
The Ag-Al-Si coating suffered only minor braze bonding after 4.5x10^ cycles 
at 1300*F. However, significant flow of the coating out of the load-bearing 
areas was noted (Figure 74). No oxidation occurred after 24 hours of sub¬ 
sequent exposure at 1300*F. 
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Figure 73. Typical Appearance of Sylcor Sn-Al (505-F) Coating on Cb-132M 
Columbium Alloy After Wear-Galling Testing for 4.5x105 
Cycles at 1300“ F With a Tensile Load of 2000 psi
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Figure 74. Typical Appearance of Sylcor Ag-Al-Si (508-C) Coating on 
Cb-132M Columbium Alloy After Weai>Galling Testing for 
4.5x105 Cycles at 1300°F With a Tensile Load of 2000 psi 
(note flow of coating in test area)



3. ITEM 3 

COATING IMPROVEMENT 

The work required in Item 3 of the contract is Phase II of the coated 
columbium alloy evaluation program. In this phase the contractor must pro¬ 
vide appropriate compositional and/or coating application processing modi¬ 
fications for any of the six original systems demonstrating substandard 
performance in Phase I (Item 2) tests. Appropriate Phase I tests for each 
of the modified systems must be conducted to verify optimization and 
justify promotion to Phase III (Items 4 and 5). A technical flow chart 
showing the progression of tests through Phase II of the program is pre¬ 
sented in Figure 75. 

3. I MATERIALS 

The substrate materials used in Phase II of the program were the same 
as those used in Phase I. The substrate properties are described in Item 
2, paragraph 2. 1, Materials. As mentioned previously, the two Phase I 
supplemental systems, TRW TiCr-Si (slip) pack/Cb-132M and Sylcor SiCrTi 
slurry/D-43, were not candidates for Phase II. The following candi¬ 
date systems were evaluated in the Phase II portion of the program. 

System 
Application 

Application 
Area 

Coating 
Coating/Substrate Supplier 

High temperature Vane TiCr-Si (vacuum) pack/C-129Y TRW 
Ti-CrTi-Si (triplex) pack/D-43 Sylcor 

High temperature Blade airfoil TiCr-Si (vacuum) pack/Cb-132M TRW 

Low temperature Blade root Sn-Al (505-C)/Cb-132M 
Ag-Ai-Si (508-F)/Cb - 132M 

Sylcor 
Sylcor 

3.2 COATINGS APPLICATION 

3.2.1 TRW TiCr-Si/C-129Y 

Although The TRW TiCr-Si (vacuum) pack/C-129Y system performed 
reasonably well in the Phase I evaluation tests, discussions with TRW rep¬ 
resentatives indicated that the performance of the coating was probably not 
optimized, based on examination of the Phase I coating microstructure 
(Figure 9). It was agreed that more titanium would therefore be incorporated 



Figure 75. Flow Chart for Phase D of Program (Item 3) 
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into the coating compoeition to increase the thickness of the (Cb.TiJCr^ 
Laves phase on the Phase II test specimens. 

Application of the modified TiCr-Si coating on the C-129Y alloy was 
accomplished at TRW by using a 2-cycle vacuum pack process and the para¬ 
meters outlined below. 

s Cycle 1: In a manner similar to the application of the Phase I 
coating, the first low-pressure :ycle consisted of chromium- 
titanium deposition at 2200*F for 8 hours from a 60Cr-40Ti 
weight percent pack utilizing a potassium fluoride activator. 
Unlike the Phase I coating, however, flow of the gaseous con¬ 
stituents was restricted at the system exhaust, thereby 
increasing the pressure of the pack. This procedure repor¬ 
tedly produces more thermodynamically favorable conditions for 
the deposition of titanium. 

• Cycle 2: In a manner identical to the Phase I coating application, 
the second low-pressure cycle consisted of a siliconizing cycle 
at 2050#F for a period of 4 hours, also utilizing a potassium 
fluoride activator. 

The microstructure of the resulting coating (Figure 76) demonstrated 
that the increased titanium content increased the thickness of the (Cb.Ti) 
Cr£ Laves phase from approximately 0. 25 mil to approximately 0.44 mil. 
The overall coating thickness of 2.4 nxls was approximately the same as 
that of the Phase I coating (2. 3 mils). The coating contained four distinct 
layers, two outer silicide layers, the (Cb,Ti)Cr2 Laves phase layer, and a 
titanium-rich solid solution zone. 

Coating surface appearance was excellent, with no visible surface 
craze cracks. Coverage appeared excellent at specimen corners and edges. 

3.2.2 TRW TiCr-Si (Vacuum) Pack/Cb-132M 

As discussed previously in paragraph 2.2, Coatings Application (Phase 
I), the structure of the TRW TiCr-Si coating on Cb-132M alloy showed no 
distinct microstructural layers and therefore no apparent continuous pro¬ 
tective layer adjacent to the substrate. Since the increased titanium con¬ 
tent in the TiCr-Si system was beneficial in increasing the thickness and 
continuity of the (Cb, Ti)Cr2-type Laves phase on the C-129Y alloy, it was 
concluded that additional titanium in the TiCr-Si coating composition on the 



ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER 
MAC: 500X 

Figure 76. Typical Microstructure of the As-Applied Phase O TRW 
TiCr-Si (Vacuum) Pack Coating on C-129Y Columbium Alloy 
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Two approaches were considered aa summarised below. 

• Alteration of the coating application parameters to provide con¬ 
ditions more thermodynamically favorable for the deposition of 
higher titanium concentrations (the method successfully employed 
for modifying the coating on the C-129Y alloy) 

• Adjustment of the pack composition used during the first vacuum 
cycle from a 60:40 chromium-titanium ratio to a 50:50 ratio 

The first approach involved the same application parameters as dis¬ 
cussed for the TRW TiCr-Si/C-129Y system modification. Examination 
of the resulting as-coated microstructure (Figure 77) revealed no appre¬ 
ciable difference between the Phase I and Phase II coatings. Test results 
(summariaed in later sections) subsequently supported this microstructural 
similarity between the two coatings. 

A second modification was therefore performed following the second 
approach outlined above; i.e. , coating application parameters were the 
same as discussed previously for application of the Phase I coating, except 
that a 50:50 chromium-titanium pack ratio was utilized in the first vacuum 
cycle rather than the 60:40 ratio previously used. 

The structure of the resulting coating was similar to both the Phase I 
coating and Phase II first-modification coating in that no distinct regions 
were observed in the outer silicide layers (Figure 78). A titanium-rich 
solid solution zone extended approximately 0.9 mil into the substrate and 
contained precipitate of type (Cb,Ti)Cr2 Laves phase (Ref. 25). Coating 
coverage at corners and edges of the 2.2-mil coating was excellent. 

3.2.3 Sylcor Ti-CrTi-Si (Triplex) Pack/D-43 

Early failure of the Phase I Sylcor Ti-CrTi-Si (triplex) pack coating on 
D-43 alloy in thermal fatigue was not due to poor coating protectiveness, 
but, rathe., lack of coating coverage on the internal surfaces of the thermal 
fatigue specimens (configuration schematically illustrated in Figure 25). 
The following modifications were considered to offer the gjreatest potential 
for overall improvement of the coating's performance. 

• Development of a greater coating thickness on the airfoil internal 

surfaces 

• Incorporation of more chromium into the coating composition to 
better develop and increase the continuity of the type (Cb,Ti)Cr2 

Laves phase 



ETCH: 33* HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X 

Figure 77. Typical Microstructure of the As-Applied Phase H Modified 
TRW TiCr-Si (Vacuum) Pack Coating on Cb-132M 
Columbium Alloy 

117 



ETCH: 33% HYDRCTLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X 

Figure 78. Typical Microstructure of the As-Applied Phase H Remodified 
TRW TiCr-Si (Vacuum) Pack Coating on Cb-132M 
Columbium Alloy 



Application of a heavier silicide layer 

The modified triplex pack coating was applied utilising the following 
parameters: 

• Cycle 1: Titaniaing at 2200*F for 16 hours in vacuum 

Cycle 2: Vacuum titanium-chromium deposition at 2300*F for 8 
hours 

Cycle 3: Siliconizing in purified argon at 1900*F for 16 hours 

A 1. l-mil titanium-rich diffusion zone containing a discontinuous pre¬ 
cipitate was observed metallographically (Figure 79). The precipitate was 
presumed to be a type (Cb,Ti)Cr2 Laves phase. Four coating regions were 
noted: a semicontinuous 0.09-mil layer at the coating-substrate interface, 
a 0.6-mil dark-etching layer, a light 1.5-mil layer containing a uniformly 
dispersed dark phase, and a light-colored phase of about 0.9 mils thickness 
at the coating surface. This light-etching surface layer contained a dark 
second phase (Figure 79). In some areas of the outer coating layer, this 
dark phase (presumed to be silicon rich) was continuous (Figure 80). 

Microcracks penetrated the outer coating layers to the coating-substrate 
interface layer. Coverage of the 3. 1-mil-thick coating was excellent. 

3.2.4 Sylcor Sn-Al (505-C)/Cb-132M 

The Phase I Sylcor 505-F Sn-Al coating which performed poorly in 
wear-galling tests contained the maximum molybdenum content commensur¬ 
ate with adequate oxidation resistance. Rather than alter the primary con¬ 
stituents, that is, the tin- and/or aluminum-base compounds, the molyb¬ 
denum content was therefore decreased. Spray application was followed by 
a vacuum diffusion treatment to develop the 5.9-mil Phase II coating. Al¬ 
though the coating microstructure of the 505-C coating appeared similar to 
the microstructure of the Phase I coating, the discontinuous phase in the 
outer coating layers appeared as twisted stringers (Figure 81) rather than 
discretely elongated particles as noted previously. Coating coverage was 
excellent including specimen corners and edges. 

3.2.5 Sylcor Ag-Al-Si (508-F)/Cb-132M 

For the Ag-Al-Si coating, it was also decided to modify the molybdenum 
content to improve wear-galling performance. In this instance the Phase I 
composition reportedly did not contain the maximum permissible molyb¬ 
denum, and the concentration was therefore increased for Phase II testing. 
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ff CH: 33% HYDROFLUORIC ACID, 33% HITRIC ACID, 33% WATER 

Figure 79. Typical Microstructure of the As-Applied Phase II Sylcor 
Ti-CrTi-Si (Triplex) Pack Coating on D-43 Columbium Alloy 
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ETCH: 33% HYDROFLUORIC ACID, 33X NITRIC ACID. 33X WATER MAG: 500X

Figure 80. Microstructure of the Phase n Sylcor Ti-CrTl-Si (Triplex) 
Pack Coating on D-43 Columbium Alloy Showing Continuous 
Dark Outer Surface Layer
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ETCH: 
33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER 

MAG: 500X 

Figure 81. Typical Microstructure of the As-Applied Phase n Sylcor 
Sn-Al (505-C) Coating on Cb-132M Columbium Alloy 



Four regions were observed metallographically in the Phase II coating 
(Figure 82). These areas consisted of two 0.3-mil layers at the coating- 
substrate interface, a homogeneous 3.4-mil layer above the coating-sub¬ 
strate layers, and a 2. 7-mil surface layer. The surface layer contained 
discrete dark etching areas and particles similar in appearance to the 3.4- 
mil intermediate layer. The 6.5- to 7.0-mil coating was slurry applied and 
developed in a manner similar to the procedure described previously for the 
Sn-Al coating. Coating coverage was excellent. 

3.3 EVALUATION TESTING, HIGH-TEMPERATURE SYSTEMS 

3.3.1 Test Procedures 

As mentioned at the beginning of Item 3, appropriate Phase I tests were 
performed to verify optimization or improvement for each of the modified 
coating-substrate systems. In fulfilling this requirement, the evaluation 
procedures for the oxidation-erosion, thermal fatigue, and ballistic impact 
tests were necessarily identical to those described in paragraph 2.3.1, 
Phase I test procedures. 

3.3.2 Test Results 

3.3.2.1 Oxidation-Erosion Results 

As in the case of the Phase I oxidation-erosion tests, TRW TiCr-Si 
coated D-43 erosion specimens were included during some of the Phase II 
erosion tests as standards. 

Modified TRW TiCr-Si (Vacuum) Pack/C-129V. The modified TRW 
coating on C-129Y alloy demonstrated significant improvement in oxidation- 
erosion performance over that of the Phase I unmodified coating. The test 
period in which no airfoil coating failures were observed was increased 
from 80 hours at 2200#F to 100 hours at 2200*F plus 40 hours at 2400*F. 
The maximum protective life of the coating increased from 40 to 60 test 
hours at 2400°F after 100 hours at 2200*F. 

Surface characteristics of the Phase II coating during testing were 
similar to those of the Phase I coating in that the specimens developed a 
coarse texture as a result of oxide formation within surface craze cracks 
prior to failure (Figure 83). Craze crack oxidation led to eventual localized 
spalling of the outer coating layers and subsequent substrate oxidation. 
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UHETCHED 
MAG: 475X 

Figure 82. Typical Micrestructure of the As-AppUed Phase u sylc°r 
Ag'-Al-Si (508-F) Coating on Cb-132M Columbium Alloy 
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X 

Figure 83. Microstructure of the Modified TRW TICr-Si (Vacuum) Pack 
Coating on C-129Y Columbium Alloy After 100 Hours nt 
2200°F Plus 60 Hours at 2400°F in Oxidation-Erosion 
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A low-tempe rature oxidation problem was observed for the Phase II 
TRW coating on C-129Y alloy similiar to that previously noted during Phase 
I testing of this system. Premature oxidation occurred after about 40hours 
in the holder or grip portions of the oxidation-erosion specimens (see 
Figure 29). 

Modified TRW TiCr-Si (Vacuum) Pack/Cb-132M. The initial modifica- 
iion of the TRW coating on Cb- 132M alloy produced only a slight improve¬ 
ment in the oxidation-erosioi. performance. As mentioned previously, the 
protective life of the Phase I coating was 100 hours at 2200*F plus 40 hours 
at 2400 *F. Although three of four Phase II coated specimens failed at tem¬ 
peratures and times identical to the Phase I specimens, a fourth specimen 
exhibited a life of 100 hours at 2200*F plus 60 hours at 2400*F, i.e., an 
increase of 20 hours at the 2400*F temperature. 

During testing, the coating developed yellc vish-white discolorations on 
flat airfr.l surfaces and gray-to-black discolorations on the leading and 
trailing jdge surfaces. Failure occurred by localized oxidation at the lead¬ 
ing edge, trailing edge, and/or flat airfoil surfaces. These oxide forma¬ 
tions extended out of surface craze cracks (Figure 84) in a manner similar 
to that described previously for the Phase I unmodified coating. 

Remodified TRW TiCr-Si (Vacuum) Pack/Cb-132M. Performance im¬ 
provement of the remodified TRW coating consisted of an additional 20 test 
hours at 2400#F for all test specimens. Failure by localized oxidation of the 
airfoil trailing edge, leading edge, and/or flat airfoil surfaces (Figure 85) 
occurred after 100 hours at 2200*F plus 60 hours at 2400*F. Coating sur¬ 
face appearance after failure was generally good in areas away from the 
localized oxidation. 

Modified Sylcor Ti-CrTi-Si (Triplex) Pack/D-43. Improvement in the 
oxidation-erosion performance of the Sylcor modified coating on D-43 alloy 
consisted of an increase from 80 to 100 hours at 2200*F in which no speci¬ 
men failures were observed. The maximum coating life was extended from 
20 to 60 hours at 2400#F after 100 hours at 2200T. As in the case of the 
unmodified coating, the Phase II coating exhibited failures which were 
localized on the airfoil surfaces. Metallographie examination revealed that 
the oxide formations extended out of surface craze cracks (Figure 86). 

3.3.2.2 Thermal Fatigue Results 

Modified TRW TiCr-Si (Vacuum) Pack/C-129Y. The first of two modified 
TRW TiCr-Si (vacuum) pack coated C-129Y specimens was tested as 
follows: 



m 

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAC: 500X 

Figure 84. Microstructure of the Modified TRW TiCr-Si (Vacuum) Pack 
Coating on Cb-132M Columbium Alloy After 100 Hours at 
2200°F Plus 60 Hours at 2400°F in Oxidation-Erosion 
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Figure 85. Typical Oxidation-Erosion Bars of Remodified TRW TiCr-Si
(Vacuum) Pack Coated Cb-132M Alloy After 100 Hoxxrs at 2200'F 
Plus 60 Houi« at 2400*F (arrows locate typical local oxidation 
failure)



ETCH: 

Figure 86. 

33* HYDROFLUORIC ACID, 33% NITRIC ACID, 33%, ;<3% WATER MAC: 500X 

Microstructure of the Modified Sylcor Ti-CrTi-Si (Triplex) Pack 
Coating on D-43 Columbium Alloy After 100 Hours at 2200°F 
Plus 60 Hours at 2400°F in Oxidation-Erosion 
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• 600 cycles at 2200T, followed by 

• 400 cycles at 2400T, followed by 

• 400 cycles at 2500 *F 

Although no airfoil failures (cracks) were observed at the conclusion of 
this test, some localized oxidation was noted on airfoil external surfaces 
(Figure 87). The general performance was superior to that of the unmodified 
coating in that no gross oxidation was apparent at the trailing edge and the 
localized oxidation and spalling on the external airfoil surfaces were less 

severe. 

The second thermal fatigue specimen was tested identically. During the 
last 100 cycles at 2500 *F, a hole oxidized through the convex surface of the 
sheet metal airfoil and a portion of the specimen platform was oxidized 
(Figure 88). This unusual behavior was believed due to mechanical damage 
of the test part during the inspection period just prior to the last 100 cycles 
at 2500'F. In areas away from these failures, local oxidation was eviden , 
but, excluding the mechanically damaged areas, the specimen was in good 
condition with performance comparable to that of the first test specimen. 
Localized oxide was metallographically observed to extend out of surface 

craze cracks (Figure 89). 

Modified TRW TiCr-Si (Vacuum) Pack/Cb-132M. No improvement in 
thermal fatigue performance was noted for the first modification of the TRW 
coating on Cb-132M alloy. After 400 thermal fatigue cycles at 2200 F, the 
specimens exhibited localized oxidation and spalling on the airfoil surfaces 
(Figure 90). Local oxidation resulted from the presence of surface craze 
cracks, which extended to the substrate in the absence of a continuous pro¬ 
tective coating layer at the coating-subs trate interface (Figure 91). 

Remodified TRW TiCr-Si (Vacuum) Pack/Cb-132M. The performance 
of the remodified TRW coating on Cb- 132M alloy was lignificantly better 
than both the Phase I unmodified and the Phase II modified coatings. While 
the last two systems failed after only 400 thermal fatigue cycles no failures 
were observed on the remodified system until after 600 thermal fatigue 
cycles at 2200*F and 400 cycles at 2400*F. Failure occurred by local oxida¬ 

tion in spalled areas on the airfoil surfaces (Figure 92). 

Modified Svlcor Ti-CrTi-Si (Triplex) Pack/D-43. Two modified Sylcor 
Ti-CrTi-Si (triplex) pack coated D-43 specimens were tested at 2200 °F. After 
563 thermal fatigue cycles, the first specimen developed an airfoil crack in 
a direction parallel to the trailing edge on both the convex and concave sur¬ 
faces (Figure 93). The second specimen did not exhibit cracking after 600 
thermal fatigue cycle. (Figure 94). Visible substrate oxide »as apparent on 
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LEADING EDGE SURFACE CONVEX AIRFOIL SURFACE 

TRAILING EDGE SURFACE CONCAVE AIRFOIL SURFACE 

MAG: 0.8X 

Figure 87. Modified TRW TICr-Si (Vacuum) Pack Coated C-129Y Columbium 
Alloy Vane Specimen After 600 Thermal Cycles at 2200°F, 400 
Cycles at 2400°F, and 400 Cycles at 2500*F (Specimen No. 1) 

131 



LEADING EDGE SURFACE 

TRAILING EDGE SURFACE 

CONVEX AIRFOIL SURFACE 

CONCAVE AIRFOIL SURFACE 

MAG: 0.9X 

Figure 88. Modified TRW TICr-Si (Vacuum) Pack Coated C-129Y Columbium 
Alloy Vane Specimen After 600 Thermal Cycles at 2200°F, 400 
Cycles at 2400°F, and 400 Cycles at 2500°F (Specimen No. 2) 

Hole in airfoil was due to handling damage during interim inspec¬ 
tion. 
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ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID MAG: 500X 

Figure 89. Typical Microstructure of the Modified TRW TiCr-Si (Vacuum) 
Pack Coating on C-129Y Alloy After Thermal Fatigue Testing 
for 600 Cycles at 2200°F, 400 Cycles at 2400°F, and 400 Cycles 
at 2500°F 



MAG: 1.2X 

Figure 90. Typical Modified TRW TiCr-Si (Vacuum) Pack Coated Cb-132M 
Alloy Thermal Fatigue Specimens After 400 Cycles at 2200°F 
(note numerous local oxidation failures) 
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ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID MAG: 500X 

Figure 91. Microstructure of the Modified TRW TiCr-Si (Vacuum) Pack 
Coating on Cb-132M Alloy After 400 Thermal Fatigue Cycles 
at 2200°F 



CONVEX SURFACE CONCAVE SURFACE 

MAG: 1.8X 

Figure 92. Remodified TRW TiCr-Si (Vacuum) Pack Coated Cb-132M Alloy 
Thermal Fatigue Specimens After 600 Cycles at 2200°F Plus 
400 Cycles at 2400°F 



CONVEX AIRFOIL SURFACE CONCAVE AIRFOIL SURFACE 

MAG: 0.9X 

Figure 93. Modified Sylcor Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium 
Alloy Vane Specimen After 563 Thermal Cycles at 2200° F (note 

airfoil crack) 
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CONCAVE AIRFOIL SURFACE CONVEX AIRFOIL SURFACE 

MAC: 0.9X 

Figure 94. Modified Sylcor Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium 
Alloy Vane Specimen After 600 Thermal Cycles at 2200°F 



the airfoil internal surfaces at the trailing edge after the 2200T testing, and 

F euOreC0°s?n8T,COVerage ^ ^ examination8' 
( igure 95). The appearance of the coating on airfoil external surfaces was 

within th i?*1! te8tlngu However. metallography revealed that oxidation 
within the titanium-nch solid solution zone was occurring at the base of 

intTtV CT: {FigUre 96)‘ 1x1 Bome ca8es. craze cracking extended 
into the substrate (Figure 97). * 

3.3.2.3 Ballistic Impact Results 

impact characteristics of the Phase II test specimens did not differ 
appreciably between the applicable coating-substrate systems. After ballis- 
tic impacting, the five characteristic zones described previously in para- 

andPlist‘d'h’l3 (Pha8e 1 BallUtÍC Impact R'-'ilts), diagramed in Figure 57, and listed below were noted. “ * 

• Zone I, impact depression 

• Zone II, scab area surrounding impact depression 

• Zone III, unaffected coating 

• Zone IV, coating on protrusion opposite the impact depression 

• Zone V, scab area surrounding protrusion 

vm “yr.r ^^îlon «Po.ure are pre.ented In Table 
i^Lt H ur' in the .cab area surrounding the 
.mpact depression Zone H) and/or the scab area surrounding the impact 

the zTon’r Z°d'( ' FOr a11 «“‘P* “>« remodifled TRW/Cb-132M, 
Íemof!!. 0,t a í0'1'“p0,ur' Iife £or »pecimen. impacted at room 
temperature was less than the life observed after elevated temperature im- 

sbowed ÍTdiff VIU'’ Í” r'modiíi«d TRW Cb- 132M system, however. 
23^-F tmlcte '"Th " °”datl0n Ui' th' r°om-tempe rature and 
¿200 F impacts. The performance of the remodified coating was sisnifi 
cantly better than the initial TRW modification. 8 

The generally poorer performance of the Phase II systems in ballistic 

t^rcoa^mPar!«dr ° the Pha8e 1 data Cann0t bC exPlained- It is not believed that coating modifications produced this degradation. 

139 



UNETCHED MAC: 75X 

Figure 95. Microstructure at Trailing Edge Internal Surface of Modified 
Sylcor Tl-CrTl-Si (Triplex) Pack Coated D-43 Columbium 
Alloy Vane Specimen After 600 Thermal Cycles at 2200#F 
(note absence of coating) 
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID 33% WATER MAG: 500X 

Figure 96. Typical Micrestructure at External Surface of Modified Sylcor 
Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium Alloy Vane 
Specimen After 600 Thermal Cycles at 2200°F 
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ETCH: 33% HYDROFÍ.UORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 51 

Figure 97. Microstructure at External Surface of Modiiied Sylcor 
Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium Alloy Vane 
Specimen After 600 Thermal Cycles at 2200°F (note coating 
craze crack propagation into substrate) 
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DIRECTION OF PRESTRAIM 

UNETCHED MAG: 500X 

Figure 98. Microstructure of Sylcor Sn-Al (505- J) Coating on Cb-132M 
Columbium Alloy After 1300°F Prestraining to 0.55-Percent 
Plastic Strain and 1300°F Oxidation Exposure for 8 Hours 
(note cracks in coating layer adjacent to substrate) 
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Figure 99 

UNETCHED MAG: 325X 

Microstructure of Sylcor Ag-Al-Si (508-F) Coating on Cb-132M 
Columbium Alloy After 1300°F Prastraining to 0.51-Percent 
Plastic Strain and 1300CF Oxidation Exposure for 8 Hours 
(ncte cracks in coating layers adjacent to substrate) 
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DIRECTION OF PRESTRAIN 

UNETCHED MAG: 325X 

Figure 100. Microetructure of Sylcor Ag^-Al-Si (508-F) Coating on Cb-132M 
Columbium Alloy After 1300°F Prostraining to 0.60-Percent 
Plastic Strain and 1300#F Oxidation Exposure for 8 Hours 
(note cracks in both coating and subst rate) 





Some smearing and flow of coating ¿way from the load-bearing areas were 
noted (Figure 101). However, no oxidation was observed on the wear-gall¬ 
ing surfaces after a subsequent 24-hour static air exposure at 1300*F. The 
Ag -Al-Si coating also suffered minor braze bonding in the wear-galling con¬ 
tact areas. Although the coating smeared in the load-bearing areas, the 
contact surfaces after 4.5x10® cycles at 1300 *F were in better condition 
than those on the Sn-Al coated specimens (Figure 102). No coating failures 
were noted during the 24-hour static air exposures at 1300*F. 

3. 5 PERFORMANCE COMPARISONS OF THE PHASE I AND PHASE II 
COATINGS 

3.5.1 High-Tempe rature Systems 

3.5.1.1 Oxidation-Erosion 

The performances of the Phase II modified coatings were in all cases 
better than those observed for the Phase I unmodified coatings. All data 
are graphically presented in Figure 103. 

3.5.1.2 Thermal Fatigue 

The thermal fatigue performance of the Phase I and Phase II systems is 
summarized in Figure 104. The only Phase II coating demonstrating a 
significant improvement over the corresponding Phase I coating was the 
remodified TRW TiCr-Si (vacuum) pack coating on Cb-132M alloy. In most 
cases, however, the Phase I unmodified coatings had suffered a greater 
surface degradation although the coating life may have been equivalent to 
the Phase II modified coating. 

3.5.1.3 Ballistic Impact 

The Phase I and Phase II ballistic impact results were summarized in 
Tables IV and VIII, respectively. As mentioned previously, no significant 
performance differences between the unmodified and modified coatings were 
observed. 
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Figure 101. Sylcor Sn-Al (505-C) Coated Cb-132M Columbium Alloy Dove¬ 
tail Specimen Showing Wear-Galling Area (bracket) After 
4.5x105 Cycles at 1300*F (note coating damage) 
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Figure 102. Sylcor Ag-Al-Si (508-F) Coated Cb-132M Columbium Alloy 
Dovetail Specimen Showing Wear-Galling Area (bracket) 
After 4. SxlO^ Cycles at 1300*F (note coating damage)
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-*•5.2 Low-Tempe rature Systems 

3.5.2.1 Pre strain/Oxidation 

The performances of the Phase I and Phase II coatings in the prestrain/ 
oxidation tests did not differ significantly (see Tables V and IX). As dis¬ 
cussed previously, the low ductility of the available Cb-132M alloy bar con¬ 
siderably restricted plastic prestraining. 

il 

3.5.2.2 Wear-Galling 

fnr „f/i,0“®!' Jhase 1 and Pha8e U coa*i"8 performance was generally poor 
for all the blade root systems, as judged by »ear-galling surface appcaranc. 
after testing the Sylcor Ag-Al-Si (508-F) coating performance was the best. 
These results were previously summarized in Tables VI and X. 
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4. ITEMS 4 AND 5 

ADVANCED EVALUATION 

Item 4, Coating Life Evaluation, and Item 5, Composite Properties 
Evaluation, constitute Phase III of the program. 

Item 4 requires that the contractor perform both erosion and thermal 
cycling tests until failure on the optimized blade and vane coating (or coat¬ 
ing*)* and aUo static oxidation testing until failure on the optimized blade 
root coating (or coatings), to determine the protectiveness, diffusional 
stability, and reliability of the coating system (or systems), as well as 
ability to withstand transient temperature overshoots. 

Item 5 requires that the contractor perform the appropriate tests on 
coated alloy composite specimens to determine their thermomechanical 
properties: stress-rupture and impact testing on the turbine vane com- 
posite(s); fatigue testing, creep testing, and ballistic impact testing on the 
blade airfoil composite(s); and fatigue testing on the blade root composite(s). 

A flow chart summarizing the tests and integration of both Items to form 
Phase III is presented in Figure 105. The primary purpose of Advanced 
Evaluation is to obtain quantitative data to assess the advisability of engine 
testing and aid in the design of components. 

4. 1 MATERIALS 

The selection of the Phase III alloys and coatings was based on the per¬ 
formance of the Phases I and II blade airfoil, blade root, and vane systems. 
Since Cb-132M was the only blade alloy in the program, it was necessarily 
forwarded to Phase HI. The selection of D-43 as the Phase III vane alloy 
was based on the following considerations: 

• TRW TiCr-Si coated D-43 exhibited the best performance in 
oxidation-erosion. 

• No fabrication difficulties were experienced with D-43, while weld 
cracking was encountered during construction of C-129Y alloy 
sheet thermal fatigue specimens. 

• Coated D-43 alloy oxidation-erosion bars did not show low-tem¬ 
perature oxidation failures at specimen grips; such failures con¬ 
sistently occurred on C- 129Y alloy specimens after only 40 hours 
at airfoil temperatures of 2200*F. 
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Based on adequate performance in both oxidation-erosion and thermal 
fatigue, the remodified TRW TiCr-Si (vacuum) pack coating on Cb-132M 
alloy was selected for advanced evaluation as a blade airfoil system. 

The thermal fatigue performance of the modified TRW TiCr-Si (vacuum) 
pack coating was satisfactory and was the better of the vane system coatings 
evaluated. Based on this performance, the coating was selected for evalua¬ 
tion in Phase III of the program. Although the Sylcor SiCrTi slurry coat¬ 
ing performed well on D-43 alloy in thermal fatigue, as a supplemental 
system it was not a candidate for Phase III. 

The Sylcor Ag-Al-Si (508-F) coating was selected for Phase III blade 
root evaluation due to its better performance than the Sn-Al coating in the 

* wear-galling tests. 

4.2 COATINGS APPLICATION 

4.2.1 Blade Airfoil System 

Application of the TRW TiCr-Si (vacuum) pack coating for Phase III test¬ 
ing is awaiting the receipt of additional Cb-132M alloy material now being 
procured. The 2-cycle vacuum pack treatment to be used will utilize the 
following parameters: 

• Cycle 1: A 50Cr-50Ti weight-percent pack, prepared from 
crushed, prealloyed material, will be used in the first low- 
pressure cycle at 2200*F for 8 hours with a potassium fluoride 
activator. 

• Cycle 2: A low-pressure siliconizing cycle, also utilizing a 
potassium fluoride activator, will be performed at 2050*F for a 
period of 4 hours. 

4.2.2 Vane System 

The 2-cycle application of the TRW TiCr-Si coating on D-43 alloy was 
performed in the following manner: 

• Cycle 1: A pack alloy of 60Cr-40Ti (weight percent) was utilized 
in combination with a potassium fluoride activator. The low- 
pressure cycle was conducted at 2200°F for 8 hours under re¬ 
stricted gas flow to favor the deposition of a higher concentration 
of titanium. 
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• Cycle 2: The low-preseure siliconizing cycle was performed at 
2050*F for 4 hours with a potassium fluoride activator. 

Metallographie examination of the resultant 2.4-mil-thick coating re¬ 
vealed three microstructurally different layers in addition to a titanium- 
rich solid solution zone extending into the substrate approximately 0. 8 mil 
(Figure 106). The first of these coating layers was a dense 0.2-mil region 
at the coating-substrate interface. The intermediate layer was 1.3 mils 
thick and was fairly dense and homogeneous except for the last 0.4 mil, 
which contained discontinuous regions similar in appearance to pordons of 
the outer layer. The 0.9-mil-thick outer layer was heterogeneous in that 

it appeared to contain several phases. 

Although cracks resulting from coating-substrate thermal expansion 
differences were observed, these cracks were confined to the outer silicide 

layers. 

Diamond pyramid hardness, utilizing a 20-gram load, was performed 

in each region with the following results: 

Region 

Distance from 
Coating-Substrate Average 

Interface (mils) Hardness (DPH) 

Outer coating layer 

Intermediate coating layer 

Coating layer adjacent to 
substrate 

Substrate 

Substrate 

Substrate 

Substrate prior to coating 

2.0 

0.3 

0. 1 

-0.2 

-2.0 

-3.0 

665 

1295 

1295 

260 

192 

178 

189 

Concentration profiles obtained by electron microprobe scanning from 
the base metal through the coating to the nickel-plate overlay produced re¬ 
sults which were in good agreement with reported values for chromium, 
titanium, silicon, and columbium in the TRW TiCr-Si (vacuum) pack coat¬ 
ing on D-43 columbium alloy (Ref. 29, 30). The electron microprobe trace 
across the coating-substrate composite is presented in Figure 107. These 



ETCH: 60% WAT ER, 20% HYDROFLUORIC ACID, 20% NITRIC ACID 

Figure 106. Microstructure of the As-Applied Phase m TRW TiCr-Si 
(Vacuum) Pack Coating on D-43 Columbium Alloy 
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Figure 107. Concentration Profiles for TRW TiCr-Si (Vacuum) Pack Coated 
D-43 Columbium Alloy as Determined by Electron Microprobe 
Analyses 
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th' int"£lCU1 coat^n8 lay« was rich in colum¬ 
bium, titanium, and chromium, probably in the form of (Cb. Ti)Cr,-type 
Laves phase, and contained a small quantity of silicon. Both outer layer, 
(extending from the interface outward) contained decreasing amounts of 
columbium and titanium, an approximately constant concentration of 

romium, and slightly increasing amounts of silicon. The outer coatinc 
layers were predominantly silicon and have been described compo.iUo'any 

columbfum^ReL i'oT' a^ 

4‘2,3 Blade Root System 

araoh Under Pha8e “ Coat‘"8» Application (see para- 
g P . .5), the Ag-Al-Si (508-F) coating contains molybdenum in the outer 
coating layers. The slurry-applied coating was developed by aTigh-tem 
perature vacuum diffusion cycle and varied in thickness from 3 0 to 5 5 mil. 
(Figure 108) Although a fairly homogeneous 2.6-mil layer was ob«r'ved 
adjacent to the substrate, th. outer coating layer contained several ph"«. 
Microhardness values for these areas and the adjacent substrate are pre- ' 
sented in Figure 109. P 

Microcracks were observed in the Ta-, W-, Cb-, and Si-rich coati™ 

witer coÍ«„g rl0gions’Ub“,rite; hOWeV'r' ,h'“' CriCkS 

..u.r.rÄÄ 
analysis of the coating surface identified the following phases- silver (face 
centered cub'd molybdenum (Si,Al)2, silicon (diamond cubic), and molyb- 
denum (body centered cubic). yD 

4. 3 SYSTEMS EVALUATION 

4*3*1 Remodified TRW TiCr-Si (Vacuum) Pack/Cb-132M 

ui_ j The r^8e “ eval^tion of the TRW TiCr-Si/Cb-132M system for 

Of tí* fOÍ1 fa,PPllCÄt,i0n haS n0t been initiated because of the low ductility 
e presently available Cb-132M alloy bar stock. Additional material is 

ofet^enadditein8l0hrde/ed* £ollowxn8 ‘ests are to be performed on receipt of the additional bar (see Figure 105): 

• Oxidation-erosion at 2000 \ ?.?Q0\ 2400*. and 2500 "F 

• Thermal fatigue at 2000*, 2200% 2400\ and 2500*F 
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UNEfCHED MAC: 500X 

Figure 108. Mio restructure of the As-Appiied Phase in Sylcor Ag-Al-Si 
(508-F) Coating on Cb-132M Columbium Alloy 
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Cb-132M COLUMBIUM ALLOY AVERAGE HARDNESS: 267 

Cb-132M COLUMBIUM ALLOY AVERAGE SUBSTRATE HARDNESS PRIOR TO COATING: 345 

Figure 109. Microstructure of Sylcor Ag-Al-Si (508-F) Coated Cb-132M 







• Mechanical fatigue at 2200*F 

• Creep in the 1800* to 2500*F temperature range 

• Impact at 70* to 2600*F at a projectile velocity of 500 feet per 
second 

4.3.2 TRW TiCr-Si (Vacuum) Pack/D-43 

Phase III evaluation of the TRW TiCr-Si/D-43 vane system has been 
completed; test results are summarized in the following sections. 

4.3.2. 1 Oxidation-Erosion Test Results 

Oxidation-erosion test bars were machined from 0.5-inch-diameter 
bar to the required "airfoil" geometry (Figure 21). Testing was conducted 
at 2000*, 2200*, 2400*, and 2500*F until failure, as constituted by the 
appearance of substrate oxide on the specimen airfoil surfaces. Two speci¬ 
mens were tested at each temperature. Testing in the rig shown in Figure 
22 was performed in a combusted JP-5 fuel and air stream with an inspec¬ 
tion period after each 20 test hours. At each temperature, dummy speci¬ 
mens were used for rig balancing purposes, and the bars were rotated in an 
8-specimen holder at 1750 rpm to maintain temperature uniformity. 

The performance of this system is illustrated in Figure 111. In sum¬ 
mary, the results were as follows: 

• 410 hours at 2000 °F: Failure occurred by localized oxidation along 
the airfoil trailing edge surface. 

• 220 hours at 2200 #F: First specimen exhibited only one aroa of 
localized spalling and oxidation at the trailing edge; second speci¬ 
men had several areas of localized oxidation along the airfoil trail¬ 
ing edge and one area on the side. 

• 60 hours at 2400*F: Localized spalling and oxidation and, in one 
case, extensive oxidation occurred along the trailing edge surface. 

• 40 hours at 2500 SF; Localized spalling and oxidation occurred 
along the trailing edge and, in one case, along the airfoil leading 
edge. 

In general, the surface appearance of the tested specimens was good 
in that areas away from the localized oxide formations did not suffer gross 
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Figure 111. Oxidation-Erosion Life of TRW TiCr-Si (Vacuum) Pack Coated 
D-43 Columbium Alloy as a Function of Test Temperature 
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degradation (see Figure 112). The surface oxidation followed the general 
failure pattern observed for the Phase I and Phase 11 systems; i.e. , oxide 
extended out of surface craze cracks (Figure 113) and eventually led to con¬ 
siderable oxidation of the substrate beneath the coating. 

4.3.2.2 Thermal Fatigue Test Results 

Unlike the Phase I and Phase II vane alloy systems, which utilized a 
welded sheet metal airfoil configuration (Figure 26), the Phase III thermal 
fatigue tests were performed on forged D-43 vane alloy paddles of the type 
shown in Figure 23. Testing at 2000#, 2200*, 2400°, and 2500*F consisted 
of heating to the desired peak temperature in a combusted JP-5 fuel and air 
stream, stabilizing at this temperature for 30 minutes, and cycling by 
alternate heating and cooling to approximately 200"F with an ambient tem¬ 
perature air blast at 60-65 psi. Each thermal cycle consisted of 1 minute 
at the elevated temperature followed by a 30-second cooling period. For 
temperature uniformity, the specimens were rotated at 1850 rpm in groups 
of 12 (TRW TiCr-Si/D-43 test pieces plus dummy specimens). All speci¬ 
mens were inspected at the end of each 200 thermal cycles, and, during 
continued testing, a 5-minute stabilization period at the elevated tem¬ 
perature was utilized prior to cycling. Two specimens were tested at each 
temperature. The thermal fatigue test results are summarized in Figure 
114, and the following coating characteristics were observed. 

• 2000°F, 1200 and 1600 cycles (total time at 2000#F: 1255 and 1665 
minutes): The general coating appearance was good, but oxidation 
had occurred in isolated areas, mostly on convex airfoil surfaces 
and the trailing edge tip (Figure 115). 

• 2200°F, 800 cycles (total time at 2200°F: 845 minutes): Localized 
spalling and oxidation occurred on the concave airfoil surfaces near 
the leading and/or trailing edge(s) (Figure 116). 

• 2400°F, 400 and 1400 cycles (total time at 2400°F: 435 and 1460 
minutes): After 400 cycles, the first specimen developed two 
small areas of oxidation at the tip of the airfoil. The second speci¬ 
men (1400 cycles) exhibited localized oxidation along the airfoil 
trailing edge (Figure 117). 

• 2500°F, 1660 and 2200 cycles (total time at 2500°F: 1665 and 2280 
minutes): The first specimen developed a small oxide spot at the 
trailing edge tip and two areas of localized oxidation on the con¬ 
cave surface at the airfoil trailing edge after 1600 cycles. The re¬ 
maining specimen had a small area of localized oxidation on the 
convex surface near the trailing edge tip. 
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Figure 113. Microstructure of the TRW TICr-Si Coating on D-43 
Columbium Alloy After Oxidation-Erosion Testing for 60 
Hours at 2400°F 
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Figure 114. Thermal Fatigue Life of TRW TiCr-Si (Vacuum) Pack Coated 
D-43 Columbium Alloy as a Function of Test Temperature 
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CONVEX SURFACE CONCAVE SURFACE 

MAC: 2X 

Figure 115. TRW TiCr-Si (Vacuum) Pack Coated D-43 Columbium Alloy 
Thermal Fatigue Specimen After 1600 Cycles at 2000°F (arrows 
locate areas of localized oxidation) 
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CONCAVE SURFACE 

MAG: 2X 

Figure 116. TRW TiCr-Si (Vacuum) Pack Coated D-43 Columbium Alloy 
Thermal Fatigue Specimen After 800 Cycles at 2200*F 
(arrows locate areas of localized oxidation) 
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Figure 117. TRW TiCr-Sl (Vacuum) Pack Coated D-43 Columbium Alloy 
Thermal Fatigue Specimen After 1400 Cycles at 2400*F 
(arrows locate areas of localized oxidation) 



In the latter stages of testing, particularly at the 2400* and 2500*F 
temperatures, the coating developed a mottled surface appearance (Figure 
117). However, no failures were observed to occur preferentially in any 
particular coating area. 

The excellent thermal fatigue performance at 2500 #F compared to that 
at 2000', 2200°, and 2400*F suggests that at 2500*F the TRW TiCr-Si 
coating thermal fatigue life is relatively unaffected by thermal cycling if 
the transient time period between the low and high temperatures is small. 
The total time at 2500*F (38 hours) during one thermal fatigue test com* 
pares favorably with the 2500*F oxidation-erosion life of 40 hours. The 
convergence of the oxidation-erosion and thermal fatigue lives is illustrated 
in Figure 118. The above behavior may result from a combination of better 
coating self-healing properties, higher coating ductility, and a more favor¬ 
able coating-substrate thermal expansion relationship at the higher testing 
tempe rat ure. 

4.3.2.3 Melting Test Results 

To determine the effects of occasional transient temperature over¬ 
shoots, a cyclic oxidation-erosion test was performed. Each cycle con¬ 
sisted of the following: 

• 10 hours at 2200 *F, followed by 

t 5 minutes at 2600#F, followed by 

• 10 hours at 2200 *F 

The test specimens were again rotated at 1750 rpm for temperature 
uniformity in a combusted JP-5 fuel and air stream. The specimens were 
inspected at the end of each cycle. 

Localised oxidation occurred at the leading edge tip of one specimen 
after two cycles, but the two remaining specimens exhibited a performance 
life of seven 2200*-2600*F test cycles (Figure 119). Failure of all the re¬ 
maining specimens occurred as a result of localised oxidation on the air¬ 
foil trailing edge surface (Figure 120). 

Comparison of the cyclic test results with a ï2bO*F oxidation-erosion 
performance revealed that the 5-minute period at 2600#F during each 20 
hours of 2200*F testing decreased the average time to failure from 220 to 
107 hours, a reduction of approximately 51 percent. 

♦if 
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Figure 118 Comparison of the Oxidation-Erosion and Thermal Fatigue Lives 
of TRW TiCr-Si (Vacuum) Pack Coated D-43 Columbium Alloy 
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Figure 119. Cyclic Oxidation-Erosion Life of TRW TiCr-Si (Vacuum) Pack 
Coated D-43 Columbium Alloy 
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AFTER 2 CYCLES AFTER 7 CYCLES 

MAC: 1.8X MA 

Figuro 120. Oxidation-Erosion Specimens of TRW TiCr-Si (Vacuum) Pack 
Coated D-43 Columbium Alloy After Cyclic Testing for the 
Indicated Number of Cycles (arrows locate areas of localized 
oxidation) 
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4.3.2.4 Ballistic Impact Test Results 

Rectangular 0.050-inch-thick specimens were impacted at a velocity of 
500 feet per second with a 0.75-gram steel pellet after a 5-minute stabiliza¬ 
tion at 70°, 1600#, 2200°, 2400°, and 2600#F. In all cases, the impact 
point was located 0.5 inch above the secured portion of the specimen to 
avoid any differences in specimen bending moment. Two specimens per 
system were tested at each temperature, and each was impacted at two 
locations l inch apart. 

Appearance of the 70*, 1600*, and 2200#F impact areas was charac¬ 
terized by the condition of the outer silicide layers. Five zones were de¬ 
fined as detailed previously in paragraph 2.3.2.3 (Phase I Ballistic Impact 
Results) and illustrated in Figure 57. 

The 2400 ®F impacts exhibited very small scab areas (Zones II and V), 
while no scab areas were observed on the specimens impacted at 2600#F. 

After impacting and subsequent inspection, all specimens were sub¬ 
jected to static oxidation exposure at 2200 #F. The first appearance of sub¬ 
strate oxide constituted failure. Oxidation test results are presented in 
Table XI. The protective life at 2200*F as a function of impact temperature 
is presented in Figure 121 along with illustrations of typical as-impacted 
surfaces at 70", 2200®, and 2600®F. The surface and microstructural 
appearance of a typical failure is shown in Figure 122. 

The relationship between temperature at impact and subsequent pro¬ 
tective life at 2200 ®F (Figure 121) indicates a transition between 2200® and 
2600 ®F. In all cases, the average protective life increased at least slightly 
as the impact temperature increased. However, above 2200®F these 
increases were significant. This behavior was probably due to two factors: 

• At temperatures above 2200"F, the ductility of the coating and the 
coating-substrate composite increases significantly. 

• At lower temperatures, the higher yield strength of the substrate 
results in a greater reflected elastic shock, thereby leading to a 
larger scab area (Zone II) surrounding the impact depression. As 
mentioned previously, all failures occurred within this area. 

4.3.2.5 Stress-Rupture Test Results 

Stress-rupture testing of the TRW TiCr-Si/D-43 system was per¬ 
formed at 2200* and 2500 ®F by New England Materials Laboratory. The 
test specimen configuration is shown in Figure 123. A resistance-heated 
furnace was employed for this testing and was stabilized at the desired 

181 







mmmFmmrnm 

SURFACE APPEARANCE 

MAG: 10X 

MICROSTRUCTURE OF FAILURE AT SECTION A-A 

UNETCHED MAG: 250X 

Figure 122. Surface and Microstnictural Appearance of a Typical 2200°F 
Static Oxidation Failure of TRW TiCr-Si (Vacuum) Pack Coated 
D-43 Columbium Alloy After 2600°F Ballistic Impact. 
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Figure 123. Sheet Stress-Rupture Specimen Configuration 



temperature f r.or to the insertion of each specimen. After stabilization, 
each specimen was placed in the test chamber and the temperature again 
stabilized. The total stabilization period was generally about 30 minutes. 
Two sheathed chromel/alumel thermocouples were used for continuous tem¬ 
perature monitoring at 2200 #F and two sheathed platinum/platinum-rhodium 
couples were utilized at 2500*F. 

Results of the stress-rupture testing at 2200° and 2500°F ay« sum¬ 
marized in Table XII and Figure 124. No anomalies were observed at 
either testing temperature in the time to rupture or in the deformation and 
fracture behavior characteristics of the specimens, and the data are in 
good agreement with published information (Ref. 31). The appearance 
of typical gage sections after failure at 2200° and 2500°F is shown in 
figure 125. Fracture surfaces were destroyed by specimen oxidation after 
failure. Metallographie examination of specimen gage sections did not re¬ 
veal cavitation or distinct indications of void formation. In cases of con¬ 
siderable elongation prior to failure, multiple separation of the coating was 
observed (Figure 125, upper photograph). 

4.3.3 Sylcor Ag-Al-Si (508-F)/Cb-132M 

Phase III evaluation of the Sylcor Ag-Al-Si/Cb- 132M system for blade 
root application involved the following tests: 

• Oxidation exposure at 1300° and 1600 °F to determine coating pro¬ 
tection, stability, and reliability. 

• Melting tests at 2000°F, a test to ascertain the effects of 
occasional transient exposures at temperatures above the anticip¬ 
ated operating range ( 1300 ®-1600 °F). 

• Duplex coating compatibility for cases where the blade airfoil coat¬ 
ing differs compositionally from the blade root coating. 

• Mechanical fatigue testing to assure composite capability under 
blade root loading. 

Static oxidation, melting, and duplex coating compatibility tests have 
been completed; the results are summarized in the following sections. 
Fatigue tests have not been conducted because of the low ductility of the 
Cb- 132M alloy bar presently on hand. These tests will be performed 
on additional material presently being procured. 
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Figure 124. Stress-Rupture Properties of TRW TiCr-Si (Vacuum) Pack Coated 
D-43 Columbium Alloy at 2200#F and 2500°F 
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TEMPERATURE: 2200°F TIME TO RUPTURE: 16.8 HOURS 
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Figure 125. Typical Failed Stress-Rupture Specimens of TRW TiCr-Si 
(Vacuum) Pack Coated D-43 Columbium Alloy Sheet 



4.3.3.1 Oxidation Test Results 

Oxidation testing was performed at 1300* and 1600*F in still air using 
0.125x0.5x2-inch coupons. During the first 24 hours of testing, silver 
beads formed on the coated surfaces (Figure 126), but gradually disap¬ 
peared during continued exposure. 

Failures were observed after 48, 120, 144, 144, and 168 hours for the 
five specimens tested at 1300#F. In all cases, the coating on flat specimen 
surfaces remained intact. Failures occurred by coating separation along 
edges and corners which led to eventual substrate oxidation in these areas 
(Figure 127). At 1600*F, the failure times for the five test specimens were 
120, 474, 498, 600, and 630 hours. Except for the 120-hour failure, all 
specimens exhibited coating separation at edges and corners after 190 to 
250 hours. However, no substrate oxide was observed in the separated 
areas until those failure times reported above. During continued exposure 
at 1300* or 1600 *F after the first sign of substrate oxidation, either ad¬ 
ditional failures continued to occur along edge surfaces (Figure 128) or the 
coating separated and peeled away from the substrate (Figure 129). 

4.3.3.2 Melting Test Results 

Coupons similar to those described above were cycled from 1300’ and 
1600*F to 2000*F. Cycling was performed by transferring between fur¬ 
naces stabilized at the appropriate temperatures. Transfer time was 
approximately 1 minute. After 3 cycles, each consisting of 1 hour at 1300* 
or 1600*F followed by 1 hour at 2000*F, the specimens were exposed in 
still air at the lower temperature until failure. 

For the 1300*-2000 #F tests, no failures were observed after cycling; 
however, all four test coupons failed during subsequent 1300®F oxidation 
exposure after 73, 87, 127, and 127 hours by edge and/or corner separa¬ 
tion of the coating and subsequent substrate oxidation. 

The 1600 *-2000 #F cycled specimens exhibited edge and corner coating 
separation after cycling and 73 to 127 hours at 1600#F. However, failure of 
the four specimens by visible substrate oxidation di not occur until 355, 

355, 409, and 802 hours. 

4. 3. 3. 3 Coating Compatibility Test Results 

Compatibility testing of the Sylcor 508-F Ag-Al-Si and the TRW TiCr- 
Si (vacuum) pack coatings was conducted using four 0. 5-inch-diameter by 

3.25-inch-long specimens. On each specimen, the Ag-Al-Si coating over¬ 
lapped the TiCr-Si coating for a 0. 5-inch length along the bar at each of 



Figure 126. Surface of Sylcor Ag-Al-Si Coated Cb-132M Columbium Alloy 
After 24-Hour Oxidation Exposure at 1300#F Showing Silver 
Beads (arrows) 
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MAG: 2X 

Figure 127. Typical Sylcor Ag-Al-Si Coated Cb-132M Columbium Alloy Cou¬ 
pon After 1300o-1600°F Oddation Exposure Showing Edge 
Separation and Oxidation Failure (arrow) 
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MAG: 2X 

Figure 128. Typical Sylcor Ag-Al-Si Coated Cb-132M Columbium Alloy 
Coupon After 1300o-1600°F Oxidation Exposure Showing Edge 
Failures in Areas of Prior Coating Separation 
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Figure 129 Typical Sylcor Ag-Al-Si Coated Cb-132M Columbium Alloy 
Coupon After ISOO^F-IGOOT Oxidation Exposure Showing 
Separation and Peeling in Area of Prior Substrate Oxidation 

- 



two locations (Figure 130). One test specimen (two overlap areas) was 
evaluated under the four test conditions described previously for the oxida¬ 
tion and melting tests. The test conditions are repeated below: 

• 1300 *F oxidation exposure for 120 hours maximum 

• 1600 *F oxidation exposure for 120 hours maximum 

• 1300*-2000 *F cycling followed by 1300*F oxidation exposure to 
failure 

• 1600 *-2000 *F cycling followed by 1600 *F oxidation exposure to 
failure 

No failures were noted after 120 hours at 1300* or 1600*F. Metallo¬ 
graphie examination of the microstructure of each coating and the overlap 
areas revealed the following: 

• The microstructure of the Ag-Al-Si (508-F) coating away from the 
overlap areas was normal (Figure 131). 

• Alloying of the TiCr-Si and Ag-Al-Si coatings occurred within the 
overlap regions. The outer (Ti,Cr)-silicide layers appeared 
"solutioned" by this interaction (Figure 132). 

• The microstructure of the TiCr-Si coating in areas away from the 
overlaps was not normal, probably because of contamination dur¬ 
ing the 508-F coating application process and subsequent diffusion 
during oxidation exposure (Figure 133). 

Cyclic compatibility testing resulted in failures (after 79 hours at 
1300 F and 127 hours at 1600*F) which appeared as ruptures within the 
overlap regions or in the TiCr-Si coating immediately adjacent to the 
overlap (Figure 134). Although no substrate oxide was visible on the sur¬ 
faces, metallographic examination of the failed areas revealed substrate 
oxidation (Figure 135). 
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MAC: APPROX. 3X 

Figure 130. Sylcor Ag-Al-Si and TRW TiCr-Si Coated Cb-132M Columbium 
Alloy Compatibility Test Specimen 



UNETCHED MAC: 500X 

Figure 131. Microstructure of the Sylcor Ag-Al-Si (508-F) Coating on Cb-132M 
Columbium Alloy Compatibility Test Specimen (away from overlap) 
After 120 Hours at 1600°F in Still Air 
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID. 33% WATER MAC: 250X 

Figure 132. Microatructure of a Syloor Ag-Al-Si Coating/TRW TiCr-Si 
Coating Overlap Area on Cb-132M Columbium Alloy After 
120 Hours at I300eF in Still Air (note alloying in outer silicide 
layer of TiCr-Si coating) 
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Figure 134. Compatibility Test Specimen After 79 Hours at 1300°F in Still 
Air Showing Surface Ruptures In and Adjacent to the Overlap 
Area 





SECTION IV 

CONCLUSIONS AND RECOMMENDATIONS 

I. CONCLUSIONS 

The following conclusions have been drawn as a result of the coating- 
substrate systems evaluation conducted in Phases I through III of the pro¬ 
gram: 

• TRW TiCr-Si (vacuum) pack coated D-43 columbium alloy ia supe¬ 
rior to similarly coated C-129Y alloy and Sylcor Ti-CrTi-Si (triplex) 
pack coated D-43 alloy for sheet metal turbine vane application. 

• The Sylcor SiCrTi slurry coating has considerable potential for 
turbine vane application based on the results of preliminary oxida¬ 
tion-erosion and thermal fatigue screening tests. Since this coating 
was not a candidate for complete evaluation (coating improvement 
and advanced evaluation) in this report period, it cannot be accu¬ 
rately compared with the other potential vane coatings at this time. 

• TRW TiCr-Si (vacuum) pack coated D-43 alloy is a candidate for 
engine testing as a turbine vane composite in this program. 

• TRW TiCr-Si (vacuum) pack coated Cb-132M alloy is a candidate for 
advanced evaluation as a turbine blade airfoil system. 

• The TRW TiCr-Si (slip) pack coating does not show promise for 
turbine blade airfoil application because of poor oxidation-erosion 
and thermal fatigue performance in preliminary screening tests. 

• The general performance of the TiCr-Si family of coatings in oxi¬ 
dation-erosion and thermal fatigue in the 2000° to 2500 "F tempera¬ 
ture range is enhanced by the presence of a continuous (Cb.TiJC^ 
Laves phase layer at the coating-substrate interface and/or accom¬ 
panying miwrostructural characteristics. 

• The resistance of basic TiCr-Si coated columbium alloy compo¬ 
sites to foreign object damage in a turbine engine environment is 
poor and independent of coating composition or application process 
as judged by 2200#F static oxidation lives of less than 10 hours for 
all systems after ballistic impact at 70*-2200°F. 

• The Naval Research Laboratory zinc coating does not show promise 
for turbine blade root application because of poor reproducibility 
during thermal conditioning following dip application. 



• The Sylcor Ag-Al-Si (508-F) coating ia superior to the Sylcor Sn- 
A1 (505-C) coating for turbine blade root application baaed on 
1300 *F wear-galling resistance and subsequent 1300*F static oxi¬ 
dation life, but the performance of both coatings is marginal. 

• Extrusion parameters (temperature and reduction) for Cb-132M 
columbium alloy must be controlled to obtain the worked (unrecrys- 
tallized) microstructure necessary for adequate forgeability or 
ductility in the final wrought form. 

2. RECOMMENDATIONS 

Based on the results obtained during this annual report period, it is 
recommended that: 

• TRW TiCr-Si (vacuum) pack coated D-43 columbium alloy be con¬ 
sidered as a turbine vane system for engine testing during the final 
phase of this program, final selection to be based on comparison 
with other systems evaluated during the next year. 

• The TRW TiCr-Si (vacuum) pack coating on Cb-132M alloy, as a 
turbine blade airfoil composite, and the Sylcor Ag-Al-Si (508-F) 
coating on Cb-132M alloy, as a blade root system, be fully investi¬ 
gated through advanced evaluation testing as promising candidates 
for the respective applications. 

• The Sylcor SiCrTi slurry coating, modified as based on existing 
data, be fully evaluated for turbine vane and possibly blade airfoil 
application during the next year. 

• Emphasis of the next year's effort be placed on evaluation of systems 
for the turbine blade root application which is the most critical appli¬ 
cation based on past engine testing and the results obtained during 
this annual report period. 



SECTION V 

FUTURE WORK 

Following the end oí the period covered by this report, a contract exten¬ 
sion of one year duration was awarded to permit the evaluation (Items 8 
through 11 below) of seven additional coating-substrate systems before 
selections are made for the engine testing of turbine blades and vanes. A 
brief description of all future work under this contract (as amended) is 
given in the following paragraphs. 

1. ITEMS 4 and 5, ADVANCED EVALUATION 

Item 4, Coating Life Evaluation, has been started, as reported in 
Section III, Technical Discussion. The remaining work to be done under 
this Item is the Phase III evaluation of the remodified TRW TiCr-Si (vacuum) 
pack coated Cb-132M alloy as a blade airfoil system. The evaluation will 
include oxidation-erosion and thermal fatigue tests at 2000°, 2200°, 2400°, 
and 2500*F and "melting" tests to evaluate the effect of 2600 #F transient 
overshoots on 2200*F oxidation-erosion life. 

The work to be performed under Item 5, Composite Properties Evalua¬ 
tion, as described in the Statement of Work in the original contract, was 
started during the report period but was not completed. However, the con¬ 
tract amendment which has just taken effect transfers all of the remaining 
Item 5 work (and some of the already completed Item 5 work) to the new 
Items 6 and 7. Therefore, the work of Item 5 is new considered to be 
complete. 

2. ITEMS 6 and 7, COMPOSITE PROPERTIES EVALUATION 

Item 6, Blade Airfoil Composite Properties, and Item 7, Blade Root 
Composite Properties, constitute Phase IV of the program. 

Under Item 6, the properties of remodified TRW TiCr-Si (vacuum) pack 
coated Cb- 132M alloy will be determined for blade airfoil application. The 
tests will consist of mechanical fatigue in air at 2200”F, creep testing in 
air in the 1800*-2500*F range, and ballistic impact at 70,-2600,F to estab¬ 
lish a transition temperature based on postimpact 2200#F static oxidation 
life. The remaining work under Item 7, partially completed as Item 5 work 
as described previously in this report (Section III, Technical Discussion; 
paragraph 4.3.3) will consist of mechanical fatigue testing of Sylcor Ag-Al- 
Si (508-F) coated Cb-132M alloy in the 1300*-l600*F temperature range in 



air. Similar tests will be conducted on specimens with a root-airfoil 
coating overlap. Material for the above testing under Items 6 and 7 is pre 

sently being procured. 

3. ITEM 8, ADDITIONAL PRELIMINARY SCREENING EVALUATION 

Item 8, Phase V of the program, will involve the evaluation of seven 
additional coating-substrate systems using the same preliminary screening 
tests described in this report under Item 2 in Section III. Two of these 
systems will not be candidates for further evaluation under Item 9 through 
11 described below. Candidate systems for inclusion in this phase as vane 
blade airfoil, or blade root composites are presently being reviewed. 

4. ITEM 9, COATING IMPROVEMENT OF ADDITIONAL SYSTEMS 

Under this item, Phase VI of the program, appropriate coating compo¬ 
sition and/or process modifications will be made on those systems whose 
performance was unsatisfactory but promising in preliminary screening tests 
(Item 8), but not on more than five of those systems. Phase V tests will be 
repeated on each of the modified systems to establish the degree of improve¬ 
ment and justify their promotion to Phase VII (Items 10 and 11). 

5. ITEMS 10 and 11, ADDITIONAL ADVANCED EVALUATION 

Item 10, Coating Life Evaluation, and Item 11, Composite Properties 
Evaluation, represent Phase VU of the program. The systems to be eval¬ 

uated will be selected on the basis of Phase V and Phase VI results and after 
consultation with the Air Force Materials Laboratory Project Engineer. 

Work under Item 10 will consist of oxidation-erosion and thermal fatigue 
testing (to failure) of the optimized blade and vane coating (or coatings), and 
also static oxidation testing (to failure) of the optimized blade root coating 
(or coatings), to determine the protectiveness, diffusional stability, and 
reliability of the coating system (or systems), as well as the ability to with¬ 

stand transient temperature overshoots. 

Under Item 11 the following tests will be conducted: stress-rupture 
and impact on turbine vane composite(s); mechanical fatigue, creep, and 
ballistic impact on blade airfoil composite(s); and mechanical fatigue on 

blade root composite(s). 
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6. ITEMS 12 and 13, COMPONENT DESIGN AND SIMULATED ENGINE 
TEST 

Item 12, Preliminary Test Design and Material Procurement, and 
Item 13, Simulated Engine Test, are Phase VIII of the program. Turbine 
vane, blade airfoil,and blade root systems for engine testing will be selected 
with approval of the Air Force Materials Laboratory Project Engineer. 

Turbine vanes and blades will be designed with the aid of the Phase VII 
mechanical test data and the necessary substrate material purchased for the 
fabrication of engine test components under Item 12. Upon receipt of speci¬ 
fic authorization from the Air Force, a number of vanes and blades will be 
fabricated under Item 13. These components will be installed in a turbine 
development engine, and tested at temperatures approaching substrate alloy 
limits to establish short-time, high-performance capability under actual 
engine conditions and to provide an indication, by correlation with longer- 
term laboratory test data, of the multihundred hour performance of this 
hardware. 
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