
\ 
\ 



' 
.) 

latiut1on1 ot Met&l.l.urdoal Oharacteriatio1 

1--
1,; 

L 
l ! ' 

/ 7 
I 



I 

m•DIX .1 

latimationa of Metallure;ioal Characteristic• 

I. Oooliy <lu-Tea 

latim ted time-tap1rature curve• tor the cooling at the centel' and 
at the w.rtace of 3-inch and &-inch thick plates giTen direct, delve~ inter­
rupted, and combination delqed and interrupted quenches are thoc \in ncurea 
~l to ~s. !lheae curves were caloulat ed. :from the t&ble• of iu1ae11, l cd are, 
therefore, IUbJect to the S11De a1111111>tions as those tables. The 1iTerit7 of 
water 11&•oh • waa taten2a1 l inmr-1 and of air-cool a1 .02 inch, -1 llblle the 
therul cliftu.81 Ti t7 of the 1teel wa1 con1ider.V to be .009 •qu&r• incll.ea per 
1100114. 

The bebarior of 1equaliut1on• followiDC the interruption of • ~eDCh 
h not cOTered b7 llu•eoll 1 a tablee, and, tharetore, waa dedlloed. tor th11 work, 
under the 1111plif7iDC a1aumpUon that the taperature d11tribut1on alone the 
thiokn111 of the plate at the moment of interruption can be cona1dered to take 
the limple form of a con• tamt plu1 on .. halt 07cle ot a 001ine cur'le.- Tii-. 
detail• of the caloulation will not be CiT& here, but it mq be not.eel t'-t, 
for the Talue of thermo.l diftu.1iT1t.Y mentioned, the iacterhtic time l,.n 
aeooncl1 for the temperature dittermce to deareaae to ita Talue h t• to 
be 2.s tim11 the aqua.re of the thiclcne• a in inches, l !i> it tall• t~ 10 per 
cent ita value in 6.2 '11101 tho tQ'W'e of thicJme•a and to ono per act ~ 
12,0 timoa • the aquare. Jor a ,"4Jiah plate, these time• are about lOQ ~nda, 
3 minute• 1K) seconds and 7 minutee re111>activ9l¥. • !rhe re•ulta are incluqd 1n 
11.gu.rea .A.-3, .A.-4, .A.-7 and ~. 

It mu.at bo r•embered tho.t the cooling aurrea of Jigve• .A.-1 to ~ 
OH nocosaaril.¥ 04lculatod for particular aneri tiea of quenah, the ao~. 
HV'eritiea will vo,r:, from plant to plant. Moreover, sneral of the IIIJPrm.­
cationa u •ecl b7 llu11ell are undoubta4l7 not Vor'T olo•o. file cooling GVYea 
giTen aro, therefore, to be aonaidered rough oatirlo.tee onl.T, 

II. Steel CbArQQter19tic1 

The prolininar, oalaulations fer the variou1 tne• of ateel •eleotod 
for thi a procrao included oatin4h4 ori tical and o.uatoni tiling teaperaturee, 
IlGZ'ton•ito tqoro.turo ranee•, Jol'li!l1' bord.onabilit7, and hotheraal trana..­
forcation 41acr•• ( •s-~ea 11). 

•Bu.11ell in h11 tablea UHB the 1111bol h wuoh 11 ecpal to 211. 

1. T. J'. llu1aoll; •aoce Mo.theD&tioal Oon• idera.tions on the Heatinc and Cool~ 
ot Stoel•. Iron and Steel Inati tuto, Alloy Steels Jio•IAl'ah Ooam., lir•t 
Report, 11t9-is7 (1936). 

2. M • .1. GroHD& and x • .A.aimow; "Bardanabili v and ~chine•. The Iron 
.Ace, l:!f2, (:lm:lber 18) , ~ (Mq 2, 191()) • 

3. M. Aaicow, w. J. Oraic, M, .A.. Oro1•-nn; •Oo:rrelo.tion beheon Jcmin7 Toat 
and Qu&chM load. Jar••. S.!.L J0\11'11&1, .!!a, 292 (1glQ.). 

u 
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Before coaputinc the auateni thin,; teapara.tures, the niniJ:nlll tmper..;. 
ture (Ae3) at which the equilibrium structure is au.stenite p.].on, va• o•timated 
upon the ba•i s of the cot11J0nq accepted iron,..carbon di~ml md the data 
oonoerninc the ettect of the all07ing eleaen t1 upon th1 o diacram which are 
mma&r11ed b,r !ain.2 It vu fouad. that the equilibrium tcperature would prob­
ab4' not be over 147()0 J'. (Soe Tablo AI.) Jlq,arience indicated, howffer, that 
oon•1d.erab4' hi&har ta:aparfturoa would b9 required to obtain 10lut1on of the 
al.107 carbide• within the •elected til:le of four hours. The au.atenithing · 
tmperature• l11ted in Table AI md in the boq of the report were predicted on 
the ba•i1 of this uparimoe. 

The cal.aulated tecpara.turea for the bo«innin& (K1) of the nartcti to 
reaction were obtained frou Grau.~er 1•3 neaaureoants 01;1 iron-carbon alloyo and 
the rnulta of varioua worter,4,5,6 oa the effect of allo71Jl& elCJ2ent •, tl&Jting 
the a111mption that the effects of the allo71Jie el&1111.ts are add1 tive. In. 
order to eatimate the tmperatures of the c4 (Kt) of tho mrtan•ite tran., 
fomation, the 4ata of Pq10n ad Sava&e7 oonc~c tho diff ereoe between the 
M1 &4 the Kt taperaturea wre uaed. Table .AI ahova the M1 and Kt tmpca:tu:rea 
e1tiJ:J&ted on th••• ba•••• 

The pre41ote4 r11111e (hicb-•148 00t1position and low-Iida ooapoa1t1on) 
of the Jollinl' endr-qu.anoh hardenabili t7 curves for eaah tn>e of 1teel h 11ve11 
in 11.gurea .,_9 to J.-13. These e•tir.,ate• are baaed upon interpolation moll& . 
md utrapola.ticm tron the various Jonin1' curves a.1'0ilable for 11Dilar ooapo­
aition1, inclucU.nc tho •e :la the published litera.ture, tho •e found in reports 
looalq availablw, amd those d.etomined a.t this Laboratory. !l.'he predicted. 
iaotherot\l tra.n1tomat1on diap-acs (S-curTes), J'igu,res J.-14 to A.-18, represent 

1. s. lpatein; 1Alloya of Iron and Carbon, I - Constitution•, MoOraw-JU.11, 
96 (1936). 

2. L o. Bein; "Junctions of the ~loyiJl& JD.ecents in Steel•. .AS(, 2;..,.274 
(1939). 

3. .A. !. Grenin4'er; "The Martenaito Themal Arroat"• !l'rans. ASK, J2, l-26 
(1942). . .. 

4. ii. H. • Ohiawick an.d '-• !. GreniDcer; 1Innucce of liUcltel, Mol7b48nwl, 
Oobalt, and 8111ooa on the IC1net1os aiid .Ar1 Tmpcaturea of the Au•tanite 
to Kartenaite Tl'MafomAtion in Steol111 • ~ans • .Aai• Ji, ~}-53> (1944). 

5. P. P.,-•on ancl O. H. Sav"'ie; IINartanaite Roactions 1n J.1107 Steol• 1 • 

Trm •• ASK, .ll, 26:i--.280 (1944). 

6. J. v. lal1eell ad -.. T. Mo~r•i 1.l Metalloeraphic 8tudr of the Decq0:. 
111 tion ot .m1tcmi te 1D Nanpneae Stella 1. Tran• • .Aa«, Jl, 10}-125 (1944). 

7. P. P.,-110n ad o. H.. Sava.i•i 'Kartcaito -Reaot10n1 in .Allo7 Steel••• 
Trm1. ASK, .U. 26:i--.~ (1944). . 

~ ..... , ...... 
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the averacecl estimates of two people, uline data from tom- IOUl'oe-1•2,3,4, 
!rhe cU.acr•• were intended for the mean oompo•ition of each tn,e. !rhe 1.e,, 
Aei,, K1 and Mt taaperatures •bow are take from !rable AI. !rhere ii 1C1De 
cloubt5 a, to the time at which the formation of prillal7' terri te becin1 1n the. 
rqe 850-1~01. 1 it 11 po181ble tbat a •ooth CU1'Te should be drawn oonneot­
ing the "no1e•JI at 120()0 and at s,>•1., and that the "bq1 at 1000°1. for the 
beg1nning and end of occtite fonaa.tion cloe• not appq to the •tart of~ 
ferrite precipitation. 

l. United sta.te• stoel Corporation, lle1eo.roh Laboro.to171 1Atla1 of I •othermal 
1'l"anafol'lllat1on macram••• u. s. StHl Oozp. of Dal.aware, 1943. 

2. :m. s. Davczporta 1I •othormal !rr11111formo.tion 1n Steel••• 1'1'11111 • .A.al, IL, 
837-886 (1939). 

3. A. le lleiaaof 'l'l'egre•s Report on Investigation of tho Metal.lographic 
and PqBioal Properties of Jew Tn,e• of Oun Steels ,oD-31--3)•. Bational 
Defanae Re•earoh Oom. Rtport M,.181, Wa.torto,m. Arsenal RIJ)ort 'jl.3/)1--2. 
1943. 

4. Oruci ble Steol Corp. of Jmerica, Atba Works. Pri -,a,te OOIIIIIIWlication. 

5, Ae R, 1'l"oiano: loo. cit, 
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l •,1patf4 ~mu,tozpat1on ~-eratuz'ea 

0oapos1t10ll 
AeJ• •1. AUateni thine 

Ka, •1. M~ •1. Twg •1. 
I 1~11'65 1600 62~75 150,.225 

II l~'?-1470 1625 57>-650 75-150 

III 11'45-1470 1625 57~650 75-150 

IV 1-.30-1~5 1650 ~575 0-75 

' 1~11'65 1675 475-575 -25-4-75 
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FIGURE A-15 
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FIGLH: A-16 
ISOTHERM AL TRANSFOf<MATION DIAGRAM (ESTIMATED) 
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FIGURE A-18 

ISOTHERMAL TRANSFORMATON DIAGRAM (ESTIMATED) 
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I. J.rperimmtal Oaatiys 

APPINDIX B 

Materials 

Data coveriDt; the design.a, analyses, meltin& practices, and 
• normalizing heat treatments of the initial twenty.two heats are contained in 

Section III of the bod¥ of the report. 

Detailed drawings of the locations of the test specimen• machined 
from the vertical sections flame-011t from the plates are contained in 11.gures 
Bl through B7. ~ectroacopio teat bar a and chips for ohemicBl ~aia were 
machined from areas lying halfwq between the surfaces and the midaections of 
the plate•, In several inatanoea more 1,91 diameter ond 0,95 1 diameter insort 
bars were maob1ned from the remaining •ectiona of the plates whenevor odditioruil 
heo.t treatments were required. 

II• Additional Oasting1 

A• a rellllt of the heat treatments performed upon tho experimmtal· 
castings of higher allo1 contents, it bocome a.11pa.rod that temper brittleneas 
11 a factor whioh mu.at be taken into consideration when designing al.1011 for 
tho heavier sections. ~herefore, it was docirl.ed to mclr:e three more oa•tinga . 
containing increasing amounts of molybdenum to determine if ad.di tional qunti­
tiea of thia element could counteract tho su.sceptibilit1 to taper brittlmeas., 

Sinc·e heat No. 16 was :f'ound to poasen the higheat degree of au. .. 
captibilitf to teq,er 'brittleness this oompoa1t1on wna selected a• the baae 
tor the three now heats, The raolybdonum contents ware chosen aa o.~. o.~ 
and 1.~ reapeot1v~1 '6hile the obromi'.'11', contonta were aicce•• 1•al7 reduced · 
b7 o.- tor each o.a,,,, increase 1n aolit,danwn content, see Table Jl, wbloh 
contain• the apecified, ladle, and actual ~ •ea of the three h•ta. 

The three heata were oa•t into JO' long 1:a&Ota var,inc 1n croa• 
•ection. from 8 1 X 81 at the top to 6l1 X fit• at the bottom, 1icure )8, The 
incot• avoracecl 475 pound• in weight. ~ in&ots wore normali•ecl 1111d teq,ered 
a• tollov1& 

Br1, lliae 
8 
5 

IE•, Soak 
lO 
10 

Ooolpt 

ho 41•o• were cut fl'Oa the bottom• of each in&ot, JS.pre l38, from 
whioh were DDChjno4 Oharp1 illpo.ct blulc•, temper bazos, ohipa tor ohad.oal 
·ana,qai•, and bar• for heat tr•tamt• to d.etendne the ll\1ao-i,t1bilU7 to 
taper brittlm•••• 



Ohecical .AnaJ.ygea of AcW. tignal Oo.stiye 

•s - Speoitiod Analysis 
: L - Lodlo .Anal.7si s 
A - Actual Anal.7sia 

Heat 
..!g... _g_ .lm... .A s _L A Or ...!l2... - -

23 •s .30 1.50 3.00 2.20 .60 
L .z,5 1.~ .51 .020 .012 3.05 2.a3 .6o 
A .265 1. .55 .019 .010 3.09 2.22 .61 

24 s ,30 1.~ 3.00 2.00 .so 
L • 29 1 • .tio ._020 .012 3.Z7 2.05 .s~ 
A ,29 1.39 .41 .019 .011 3.15 2.06 .s 
s .30 1.~ ~-oo 1.so 1.00 
L • 295 1 • .41 .019 .012 .c?9 1,82 1.01 
A .29 1,41 .43 .01s .010 3.21 1.79 1.02 



1 

111) 

' 

' 

J -

' 1 

' 

i. 

; 1 l fil¥1L (.'ll r 

,,,.. ..J 
I " 

I;· THICK CAST PLATES 

I -4-,l .O"D. ND,cS 

I 

,. I ; 
1-4 . 7 "1'- ..-.. 0 -,~ I rO -~q: I 

~ I ~ 0 ~t ~' I ... ,~ 
I 

0, - rl------... t 
"' I \o •-., ... 
~ 

,- ti'( 

' 
q) 

I:" .. 
r y y_ 

I 
I f 

- I~,. .,...., 

3" THICK CAST PLATES 

I. O" D. HQI. ~ - I .. 
J.- R.0 D. HOlE$ 

1 ~ .... , 1 
0' , 

0 I 

.,., r ' -~"' 0 ; § I A • t 
t \ I t 

~' I GI 

~~ I . 

~' t- t- -1 - - -- -Cot 
~ I • · - 6"~ 

I IO 

0 

l : ' 
~ 

' ~ 
l 

; 
IQ 

' 
_, . .l . 

I ,r 

~- . ~,.,, __ - ~ 

It· , ·:; 

~ 6 ,,"i 
I 

.-.. 
L 

- 1.5" 

... .. 
- t . 

., - .,_o 

- ~,, -
' . 

. •. D ~ 

j 

I 
J 

1• .!.,HIQf.(_ O_ASJ _P_L~TES 

LAYOUT OF E><PfRIME,VTAL CAST ARMOR 1-LATES f
1fU06 61 l 

,-~~~ .. ~~~,~~~~g~~~.~-~~~~':~~~ 



, ---- - 7 " ,-
' 

I 
' 

)(. 

I ~-
I '" ~ 

I ~ 
' ti 
I 

! 

I 

~ ..... 
' H "C 

' t 
' . ' a ,i., .._ 

~ • 
\ :' .. , ..._,. ~ 

~ f 14: 

& t 
E ..... 

~ 

,l, 

: ' D "'"' ~ • ,. 
0 .._ 

• • . . 
• A .. , .. ... ... 

01 SOARD 
,, ... .. --

FRONT VIEW SIDI VII W 

241' 71 6" SECTION FLAME CUT FROM 6" TH/OK PLATES 

r· 

• ... 
I ...... -~-,,,__.,. -· 1 •q ,, , , 

I 



r 
I 

Q 
\0 ' ; 

b ~ 

,,. 
~ I 7 " 

... l • .,, •-• . I. 
0-1 • t • • 

! KS FO 
C'T II , 

"" 
REMAINDIA 

a : ' 
-

le 

4t 
.f i· f ~ • 

01sc; ,- ro, v1,w 01sg_ 0 - TOP VIEW 
(HE A rs o.1•.11 ONLY J 

r 7"--7 

r ._ /. 90" IJIIIIAfl~ 7.-"L-R. - - • ~ 
C'Yl.,NOllf ~ 

D-1 ~ : - -- ------1... 
~ ..... --------------~ -- - - - -- ---

/. •o" ""'""'r.r,r ~ 
C II'~ ,1t1Dllf ~ 

------- ----~------------0190 D,E,~,G,H- TOP VIEW 

~1 

"' ~ 
~ 
s 
~ 

~ 
ct 

~ 

LOOATIONS OF TEST SPECIMENS FROM 6" THIOIC CAST PC.ATES 

A-~ B,31 
~~~~~~~~~-~~~-----=--...~~li#1:::ii/!/f.~~~ 



-

_,­
~ 

L 

. . 
C) ... 

s 

~ 

p 

N 

,.,, 
L 

I( 

,, .. 

=' ..... 
"' .. ., 
-: 

,I, I. 
~ ... 

\ .. .. .. 
'"(• 

a ... ..... 
' ,I, 

0/Se'll/fD •• -: 
f!P«f Y((I 

~ i r-JI 

'\ 
Ill 
g 
~ c;. 

-~ ~ 

ftPC Vl(W 

IB'i 7"1' 3" SEOTION FLAME OUT FROM 3" TH/OK PL.ATES 

-,t1ltf .. • ' ~ 
I 

TIMN/t BIA.I - ~ 

1(- ~ -
; .-- • .. I\ ,... I I I ... ~ I( w 

....... ,~ - 6"-...... ~ 

D190 It -FRONT VIIW 0110 IC- TOP v1•w 

~ 

JI tC s 
~~ ~~ ~ 

1t Hi ~ 
... i..---· 1··--...... ~ --'•-- ,, .. ___ ...,..~ 

':~~J 

Iii.JI" ·-IWD 

/M~llt'T ,IIM aJ/IN,IIC . ' .,.. ,-~ 
IM//Wt:T 111111 #1.IIN" 

L-& 

/MPi#tT JIii/i /N.#NA ' .... 
• 1.-1 

' 

IIIMIIINl>~lf .. 
IM,IIC'T llllt l'-"IN/IC .. 

M[l~r l,lltl 11,ANIC ''ff .. /If-I 

, 
OISO L - TOI' Vt•W 0110 M - TOP Vt•w 

LOOArlONS OF TEST SPEOIMENS FROM l•THICK CAST PLATES 



,• 

-
1-4--- ---- -- - - ? .. - ---·-··- · -··· · ·-· ·· ··-- -- -
1 

I A'.t.MAINDIR - N-.J 

I 

t 

.. 
,I, '--i'lt . 

,--
J',-1(', BIIRS A4"D &"NIAr 

JOMIKY l':llllt N- IL ~ 

~• l t 
N -· / \·+ ' \,I "''It ~ L: ~ - I)"· II TOME TE IP 811114 

~ 
~ • N-,. 
* • J. 

" "- l>I.C/lfCO 

I ,. 
j -J -0190 N - TOP VII W 

011.HTOMITFR IJIH,TrP, D 

,, II TYPEC' ~ 

' II ,, 
TYP£0 c 

~, .. - -·- --•-! 
SfOTION N-4 -,ttONT VlfW 

r ----------------- , .. 
' DISC 'flltD 

- - - - - - - - -,-.- - - - - - - - -

. . .., 
I . ,o l)IIIMITl'lt 

('J"J. INIJ~II 
/.10 Dl~N/E TB? 

C'YLIIVDER 

L .. ~_-_-__ -__ -___ --__ -_"_,_~_c-_•:-+~-o __ -_-__ -__ -_-_-_-_-

1 
I ., I ~4-----~x ~1 
0/109 P, It - T'OI' VII W 

LOOATIONS OF TEST SPEQIMtNS FROM .J" THICK 
OAST PLATES J 

~'°~,ru 



--' ,. 
1"-----7 

y 

:~ 

X 
.,,. 

Ill 
J, 

' . 
'W . ,._ ... ... 

t 
; 

V .., 

L. L 
01,r11110 

. ,. .. , .. 
T 

,ttO#T 'llfW . 1101 'Ill W 

l1"•7"x1·f' SEOTION FL.AME OUT FROM Ii. THICK PL.ATES 

.,,,_ ·-- 7 

i r#MPE/f 8/IR v-, 
' ~ I 111 .. -'! '-i 

.... ... 
I I ~ I,; I 
), ) ~ ~ ~ Tl' Mfil'e If IJAlt 

~ ~ v- a.. 
' 

r ,.,. tcr& ,., 
Q INAI '_,_ . ., .. ,,_,. 

T#M~llf IIAR.r v-~,e -" .. it'-S t'·l 
.,_, 

~ 

~f ~f~,~ 

1" 

01 •o v - ,1101,r . v~•• 0110 v - ro~ v,, w 



C: 

r ,·------~7~ 
..... -~~~~~~~~ 

c., 

~--------f­
~ 

~ 

DISC W-TOP VIEW 

r--- ----- ----- --------- ;, .. ------ --- ._., 
I 

~ ltEMAIIVIJE/l }(-,if 'ft 
I . , 

IMPIIC'T IIIIR.i.• 
........ 

X-1,~,;, ; 
1::1 ~- ~-

' ~ :11 

' 
DISC X - TOP VIEW 

LOCATIONS OF TEST SPECIMENS FROM 1¼. THICK 
OAST PLATES 



-

,. 

-67 
' 

NOT TOP l • • .1: 5• 
i. i' J" 

-..--
' 

' Q 
ff) 

""""' 

d ,, 

B 
fl 

" '.!. I! 

' 

co 

1 

\..'it., 
"F 

•• -
1 

Z_J ... 

~ 

' • ' .... 
'"' ~ 
~ Q 

I 

~ 

----

Q 

I 
Q 

' ~ 

... .. .. 44 •-• 4 

of' t ,l' 
1' .., 

pf,"' 
i• l' Cltl/1$ 

':>"' 
,,_ 

~r\ ~Pr°C,-1 
lflfCS 

~ 

Fl·I n-z f H R-4 
~- D•-lcAllO 

DISC R 

Y,• IHSClt/llJ 

-11"-~,{-- -,1H-
" 

&,, .. , 
fO,, l 1',,.. 
tfl S ,,11, ,'4" " .. , 1'4 l e.,.,,, 

~ };:: 

*H /)ISCIUO 

DISC e, 

EXPElelMENTFIL IIVGOT..S 

HIGH MOlYIJDE/fUM HEFITS NOS. 

J .. 
---• 

l 

\I) 

0 
Ill 
! 
~ 
~ 

• ·~ ,_ 

. 

I,. 
_, __ 

4 

~ 

~ 0 

t " s 
f ' ~ 
~ 

l 

f: 

AGV~EBIJ I 



.APPDlDU 0 

AUiJ:JUI!rIZllTG Dll9'MS 



( 

.APPllNDIX C 

Auatoniti51nj Treg.tDonts 

I. Scope of Austenithin& Hotlt Trea.tr.umta 

Beforo any heat tree.tDants oould be perfomod upon mall section-a 
to bo uaod for tho deteroination of tho optlllUtl base propertios of the exper~­
oental. cnati?l8s, it vas necoa110.17 to •elect the proper auatani tiling ta:iperc.o 
ture for ea.ch oocpo 11 tion which would result 1n the fol"tlation of a hooogoneous 
austsii te of Ilininuo practicable grain she •. 

~e illportanco of aocur1ng cocplete oo.rbido solution prior to quench­
ing cannot bo overocph4shed. In atoels of oediuo oa.rbon content 8'1Ch o.s the 
aubJect en.stings, the presence of undiasolved oo.rbidea aeriou1ly detro.cts 
froo tho hardonab111~ of the stool, not only bocau.se ot tho reaw.tant lower­
ing of the carbon and alloy con ten ta of tho o.usteni te, but aleo becau10 of the 
provi aion of nucloi around which tranaforoation to inj;oroeclio.te or high 
tacpera.ture decocpo ai tion prodllcts ~ occur. Dl.gcer and WJ.lliar::112 have 
shovod tho 111 effects of 1nooaplota carbide solution and austoni te hetoro­
geni t7 upon hardenability. 

II. Mnteriol.s ond 1'eat Procedure 

Six speciocms vo.ryinc in size fron 1/21 x 1/2• x 2• to 3/41 x J/4• x 311 

were cut fron each of the twmty-one oaatizi&s o~ various ooq,oli tiona, and. 
were hea.ted. to teapera.tures within the ran&e of 1550°1.· to 1750°1. 1n atapa of 
either 25° or 50° 1nterTala. Aftor four hours at tecperaturo the specimens 
wore either oil or va.ter qwmohod, doponding upon the alloy content, to obtain 
a1 co~leto tlm'tanaitba.tion as possible. 1'he apecioca were notohecl 1n the 
niddle ond fractured. · 1'he fracture grain aizoa were eatiDAtod b7 oocpn.r1•m 
with a •ot ot the !. "I. Shepherd J'racture Choo.in Siso Stmdarcls. Section, for 
nicro acop1c U'IIDinAtion were prepm-od, etclled for 2 mnutea in a •atvated 
10lution of p1or1c acid in e~l alcohol, and GN.11.ned at a r.iacnltioation of 
XJ.000 for tho pruonce of unclissolTed oarb1do1 and or,;r other a1p ot au.atenite 
hotorogono1t7. P1oral. ws solocted as the etclumt booau•e tho mrion11t10 
baalrO'ound was bu.t slightq lltte.aked while the ca.r'b14os were •hupq clelinented; 
tho high d90'10 of contra.at groati, aHiat~ in rating the ll)eoillsia with 
rearpeot to carbide 10lution. 

1'ho 11>ec1Dcna f1"oD heat• lo•• l, 2, 4, ad 5 were or1g1nalq oil 
caumohed, and a bd~t c17atalline fracturo indioati ve of inooq,lete flcch . 
har4eninc c1 obtmned when the apooicons wero fracturod for grain aise doter­
cination. lew apocinons vero oonrsoqucmti, preparod and were water quenched 
:Croa the miatmi thing tqenture, after liiich the apeoioma were tound to 
be •ti1faotor1i, qucmch mrdaned. 

1. ,. G. m..01; 11'rmato:rcat1on ot a1tem.te on qJ.a,!Vf'nc lich Pl1.tit7 
I~Oar'bon .Allo;ra•. ~on,., AIM, JI (191«>), 57~7 • , 

2. G. !, VlWma; "BardenablU.'1 Tal'laUon1 ln jllo7 Steel .... Soao Ian1t1-
pt1on1 with the Jbd.-Qi.moh !eat•. flt•••• .Aal, j!( (lgll()), 157-115, 

10 
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111. Results and D11oueaion 

Tho resulta of the frGCtu.re crain she ratill&s and tho oicro,copic 
exeo1nat1on aro preswtod 1n Table Cl, All steels ca.:l.ntained a tine grain 
aiso up to the higheat auatmi ti sing tmperatures ooployod, 1n· DD co.ae be1118 
coar,or than fracture grain size "5-6, 

In general, tho au.stenitising teopero.tures soloctod tor wb•equont 
hea.t trentoent were chosen as 25 to 50•1. hii;her than tho lowest quonchi~ 
tmperatures which produced a hocoganeous n~ensi te, but 1n no case vaa tll.e 
selectod teopero.turo allowed to exceed 1725°1, lhia lo.tter tqerature, be­
ct11so of conaidorntions roe;a.rcUna the life of turnace rofrootor~.•• diltort~on 
upon quenchill8, etc., wo.a believed to repreoent tho oax1r:mc prac\S.cable au.a­
tani thin& tocporaturo for industrial opplico.tion. !!!he data upoJ!. which tho 
aeloction ot tho au.ston1tisin6 ta:,peraturea wore, bo.aed aro contained 1n 
Table OII. 

Photonicrogro.phs of th.o structUl'oa pl'Oc1aced in a tJpical low al.107 
and a t11)ical. hit';h alloy stoel upon quonching fr0t1 various au1toniti1ing 
teaperaturos o.ro shown in J'ic;u.rea 01 ond .Q.211 It 1s of interest to note tha.t 
1n the low alloy steel no unc1.1ssolved cnrbides could be detected 'b7 Tiaial 
oicroscopic oxm:iino.tion in tho spocioan quenched fron 16oo0 J'. Tho s,.porior 
aensitivit7 of tho photocr"i)hic e..nilsion, !lowevor, rovools 0000 mall carbides, 
eee Figure Cl, It was tlma fortuna.to that the o.ustonitising tacporaturea wero 
chosen a, ~to 500l'. hip,her thon tho lowest q.ienchine; tc:s:rpero.turea which 
produced oartensi to freo of und1saolvocl carbides, tho ra.ting boin& baaed upon 
Ti •'IW. exm:lination at 0. IJ061lif1cation of nooo. 

20 
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Jrgctu,re a,-91 n 8110 pd Dlgrff of' .Austmite 

ioJ.'10GCllle1ty llei:wtw fl'Oll a lour Hour Hold 

t 
Heat Spocioen Austoni thing J'raoture 
...!.2.&. lo 1 ie. oF• Coolant Grain S110 Micro structure 

1 U5 155S Water 6 low undiesolvod co.rbidos. 
lX6 1575 " 6-7 VJrry few und111olved carbides. 
lI7 1&:>o I 6-7 Hooocanooua oartonai te. 
lX8 1625 ii 6-7 n n• 
lX9 1650 a 6 I I 

lXl.0 1675 Ii 5-6 I " 
2 ~ 1550 Water 7 Vory fGW undiasolnd carbides. 

1575 I 7 I I I • 
217 16oo n 7 Hot10eanoou1 oo.rtonai te. 
as 1625 i 7 n • 
2S9 1650 Ii 7 n • 

21110 1675 i 7 Ii I 

3 :i 1550 011 6,,.7 Very few undisaolvod carbidos. 
16oo • 6-7 n n • II 

'J1.7 1625 I 7 Ho~e:;enooua cnrtonaito. 
318 1650 ii 6-7 n I 

31C9 1700 ii l n II 

:,tlO 1750 i ii ii 

415 1550 W'ator 7 l'ew undiaaolvod carbidGle 
1a6 1575 I i1 Very few undiaaolved carbide•• 
417 1660 I Hot10r,oneoua bal'tenai to. w 1625 i 7 • I 

1'19 1650 II 7 I • 
imo 1675 Ii 7 i i 

5 515 15~ Wa.ter 6-7 Jew undi• aolved carbide•• 
516 15 5 I 6 V or:, f w imdhaolved carbides. 
517 16oo I 6 Bo~meou• aart•li te. 
518 1625 i t1 I • 
519 1650 i I • 

5110 1675 j &.~ i I . 
.( 6 ~ i~ 011 1 Very few un41110lTed carbides, 

I l Ho00geneou• aart••i te. 
Q:7 1625 I I I 

618 1650 I l I I 

Q:9 1700 • I I 

6no 1750 i i ii " . 
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Beat Specimen Juster~i thing 
_!h No 1 _Jemp, 01, 

7 7X5 1556 
7I6 l6oo 
7I7 16c5 
7U 1650 

7110 1700 

8 SJt5 
SJt6 
SJt7 
81[8 

8IC9 
8IClO 

9 915 
916 
9'7 
918 
91C9 

9Kl.O 

10 lOA5 
10A6 
10A7 
lOA8 
lOA9 

lOAlO 

12 .1215 
12'6 
12l7 
1318 
l~ 1auo 

1550 
l6oo 
1625 
1650 
1675 
1700 

1550 
1600 
1625 
1650 
1675 
1700 

1550 
1600 
16c5 
1650 
1700 
1750 

1550 
16oo 
1625 
1650 
1675 
1700 

1550 
1600 
1625 
165() 
1675 
1700 

1600 
1625 
165() 
1675 
1700 
1725 
1600 
16~ ~,5 
l,W 

'I'iu3LE CI ( Con tinuod) 

Coolant 
Oil 

" 
II 

i 
Ii 

011 
" n 
a 
ri 
a 

011 
• • il 

• 
it 

011 
• 
If 
it 
ii 
i 

011 
• • ii 
I .. 

011 
• • • i 
ii 

Oil 
• • 
i 
i 
ii 

011 
• • • • I 

Fracture 
Grain Sil!) 

7 
7 
7 
7 
7 

7 • .g 
7 

7-8 
7 
7 
7 

7 
7 
7 
7 
7 
7 

6-7 
6-7 
7 
7 
7 
7 

7 
7 
7 
7 
1· 
7 

7 
7 
7 

6-7 
7 
7 

7 

l 
6 
6 
6 

6-7 
6-7 
6 

6-7 

ti 

Micro1tr11ctur1 
Many undisaolved carbide•• 
J'ew undissolTed carbides. 
Very few undissolved carbides. 
Homogeneous martensite. 

a " 

Many undissolved carbides. 
Few undissolved carbides. 
Very few undissolved carbides. 
Homogeneous martensi te. 

ff " 

" . 
~ undi • solved carbides. 

" . . 
J'aw undissolved carbides. 
V~ few undi110lved carbides. 
lromogenoous martensi te. . " 
J'ew undissolved carbidoa. 
Very :f'ow undissolved carbides • 

n " " • 
llomoJ?'aneous ma.rten• i te. 

• b ff I -. 

I I 

. ·• 
MaDT undissolved carbide•• 
rev undisaolvod carbide•• 
• • • 

Vtp:7 few ~d!a10lvo4 carbidM. 
Homogeneous martanai te. 

• • 
~ undia•olTed. carbicles. 

• • • • • • 
J'n. unclis•o~·H4 carbife•• 

I I I 

V~ few ,md11•olTG4 carbid.os. 

lew undisao1Te4 oarbicle1. 
• • • 

Very faw ~•eolvocl carbides. 
lomogmeous martc•i te. 

I II 
I I 

lev un41aao1Te4 carblcle1. 
• • • 

Very few imdia•olTed. carbide•• 
•• • • • • 

lbaogeneoua marten Ii to. 
• • • 
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Heat Sp eoimen 
..!2.&, llo 1 

16 16&5 

17 

18 

19 

2l 

22 

16.A6 
16.17 
16AS 
16&9 

16AJ.o 

l7A5 
17A6 
17A7 
17A8 
17A9 

17Al0 

18A5 
18.A6 
18A7 
lSAS 
lSA9 

l8AlO 

19A5 
19A6 
l9A7 
19A8 
19A9 

l9Al.O 

a)J.5 
3).\6 
~7 
a>M 
al49 

a)AJ.O 

2U5 
2u6 
2U7 
2W 
21.J.9 · 

2lAl0 

22A5 
2a46 
2?.A7 
22'8 
~ 

22A:LO 

m OI ( Oont1uued) 

.luatmi1 ti zing 
Temp, •1, 

1600· 
1625 
1650 
1675 
1700 
1725 

1550 
1600 
1625 
1650 
1675 
1700 

1550 
16oo 
1625 
1650 
1700 
1750 

1550 
16oo 
1625 
1650 
1700 
1725 

1550 
1600 
1625 
1650 
1700 
1750 

1550 
16oo 
1625 
1650 
1700 
1750 

½~ 
1625 
1650 
1675 
1700 

Oool!Qt 
011 
• • 
it 
ii 
Ii 

011 
n 

• 
i 
i 
it 

Wt>.tar 
• • 
i 
i 
ii 

Water 
n 
I 

• • 
Ii 

Water 
I 

• 
II 

i 

• ~ 

Oil 
• • 
ti 
i 

• 
011 
• • • 
i 
If 

J'racture 
Grain 8111 

6-7 
6-7 
6 

6-7 
6-7 
7 

7 
7 
7 
7 
7 
7 

6-7 
7 
7 

l 
6 

7 
7 
7 

6-7 
6 

5-6 

6-7 
6-7 
7 
7 

6-7 
6,.7 

7-1 
8 

7-S 
8 

1-S 
8 

7.g 
7-S 
8 
I 
l-' 
7-S 

Kioroetructure 
J'ew imdia10lved carbidoe, . . ·" 
V~ ff!IW und1aao1Ted carbides. .. . . " 
Homogenoous martensi te. 

• It . If 

Many undissolved carbides, 
J'ew undissolved oarbidos, 
• • • 

V,r., few und1aaolved_oarb1dea. 
Homogeneous martenaite. 

I I 

Few undissolvod carbidea. 
I I I 

Homogeueous mart enai te, 
• If I . 

n " 
il i 

. ·• 
l'ew undisaolved car'bidea, 
. I II I 

Bomogeneou, martenai ~•• 
n • 
n • 
" . 

' 

Many uncliaaolTed carbides, 
J'ew undissolved carbide1, 
Ver:, few und1Holved carbide · 

I ' I I 
Bc.:iogmeoua martcai te, 

Ii • 

~ und11aolved aarbidea, 
J'ew UDdiaaolved carbidea • 
Very fw undiaaolved carbides-• . . . 
Homog9teoua mar1iez:11te. 

Mmq UDcliaaolTed carbide,. 
• • • 

l'ew und1Ho1Tecl oarbidea. 
Very few md1a•olve4 carbides. 
Bomogcm.eoua 118l't&l1 ~-• 

I I 



WLA 011 

Selection of Prop• ·Au•tcitlliy ~aeratures 

# 
Lowost Temperature 

ll.osulting 1n Jonation of 
Heat Hoi.,ogoneou• Martan11 to Selectod Austonit1z1ng 
~ u:2on •it.1.sechie& - •11 T!!!mora.turo ... °F. 

1 1600 1650 

2 1600 1650 

3 1625 1650 

4 16oo 1650 

5 l6oo 1650 

6 16oo 165() 

7 1650 17oq ) 

s 1650 1700 

9 1675 17'5 

10 1650 1675 

12 1675 1725 

13 Vtr1 tow carbide• out of 1725 aolut1on at 17a5•J'. 

14 1675 1725 

15 1700 1725 

16 1700 1725 

17 1675 1725 

18 1625 1650 

19 1625 1650 

20 1700 1700 

21. 1700 1725 

22 1675 1725 
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pP.DIX D 

T-,,eriy 1'reatmmt 

•• inilco.ted above, it had been deoided to make all Oharp7 impact tests 
upon material tcperod to o. bardne111 of 26o Jrinell (26 llockvoll O). It was 
therefore, neouaaey to determine, tor each heat, the temperinc temperature 
which would giTe thia hardne11. 

Tapering tap•aturea were determined w1 th the aid of a gradient temp~ 
ing furnace, 1illilar to that described b7 1'roiano.l ~a is an electrically 
heated vertical tube turnace w1 th the bottom of the tube cloaed. !rhe elanent 
winding 11 10 arranced that the tcperature decreases continuoual.7 from the 
bottom to the top of the tube. Oona,91lot1on 1a l\1Ch that a aample mq be 
placed 1n one po•ition 0111T. A •-ple oon•11ta of a. "taper bar" b&Tine a 
on .. inch disMer and a folll'-inoh lmgth. !rhe bar 1a ,m.ateni tiled, quenched 
and cold.etreated a• delired (see Table Ja), the pltl.Ced 1n the tube of ~he 
turuce, which ha• prmouaq been heated to the sel~ted temperature range. 
The umple comes to taperature in about one and on~f hourat is he14 there 
for the aelected t11:1perinc time (four hours in the present oa•eJ, 1a ato­
maticall7 rcaoTed from the furna9e, and 11 cooled 1n water. 

Two oppo ai te lonci tudinal flat• are then ground on the temper bar am4 
Rockwell hardneaa m•aur•enta are made at 1/8 inch spacing• all alone ~heae 
fiat,. Bardne11 can then be plottod as a tunction of lencth, a1 shown Jn . 
J'igure D-1. l'roll the plot, the po•it1on at which the deaired. hardneH (here 
2.6 lloc1cwell 0) ocC1UTed 1a •elected. To convort thia position to tcparature, 
reference 1a made to a tmperatur .. verau.-poaition calibration chart pr~ared 
b7 aeaau.r1JlC the ta:iperature w1 th thermocouplea we~ded to a number of po Bi tion.s 
alone the lcgth ot a ~ t1111per bar. (11.gure D-2 is a esrple.) 'lh4t ta:apez­
inc temperature found in th1 a w.,- should the g1 Te the de aired bardnee, when 
applied for the chosen teapering title to tul.17 Cl'l&nched caterial from ~he Bllme 
h•t a• the temper bar. Preliminar7 teat• indicated that the Oharp7 impact . 
blank• tonded to run alight]¥ harder than predicted• (probabl.1' becauae of wi,. 

certaintiea in t11Z1perature calibration of the furnaoe .uaed), •o, for the later 
heats, the eatim&te of temperature obtained from the t11Z1per bar waa i~oreaaed. 
b7 5°J. J. core coaplete deacription of the operation of the gradient furnace, 
will be fowi.d elaevhere. 2 · 

Since the gra41ent furnace auppli~• a gradimt of on]¥ 5oor. in the range 
of tcperatur11 needed on the heata under consideration, the de1ired hardness 
waa not al,nqa obtained on the fir•t trial. Jnother tmper bar was ihan uaed, 
and the control aettinc on the themooouple potentioneter which controlled the 
gradient furnace wa1 chanced •o a• to •hift the tqerature ranee obtainable. 

l. A. ll. Troiano& 1InTe•t1gat1on of the Metal.lographic and Pb_ylical properties 
of lew ~" of Gun Steels•. o.s.ll.D. ll1iport M6, 1943. 

2. L. D. Jaffe and P. ferri1; •Oonatru.otion, Control lquip11ent, ucl Operation 
ot Gra41ct Tmperinc Ju.rnaoe•. Ve.tertovn Araeul Laborato17 !\a.port 
6yj/1. In Preparation. 
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Whenner the control aettinc •• chanced, the first tmper bar ueecl at the new 
aettinc had a thorcooouple welded 1/4 1nch fron the hot end to cheolc the . 
aalibration. The re• t of' the calibration could be calculated whm the toq,er~ 
ture at 1/4 inch wa1 known, •inc• the tqerature differences between Tarioua 
pointe on the bar vaired but little with control tecperature. 

Soce diff'iault7 - • at fir • t encountered 1n obtaining valid hardne• a 
rewUnca, beom•e of turface cleoarburhation cmrinc tecper1ng. (The gradient 
turnece 11 not prov14ed with atJ:JO~ere control.) !lb elimnate thh, it was 
deoiclod. to grind. the fl.ah to a depth ot .100•. _Sinoo there were IOtle indico,. 
tion.1 that dz7 grindine b•ted tu••• 111ft1c1entq to affect the harcm,as, 
all grind.inc •• done ,,,,. · 

' Occalional. Blow t.1.uctuat1on.1 ocaurred. 1n the tqerature within the tube. 
The cau•e of the•e t.1.uctuation1 11 not movn, but th.e.r appear to be a11001a.ted 
with atr,o•pheria hucidit7. To DfnimH error frcm this source, the practice 
ot checking the calibration (at one po 111 tion) once a dq waa adopted.. 

In the ca.se ~f heata 19, 21. 1 22, 24, and. 25, it wa.1 fo,m.4 that no tqer.;. 
ture below the cri tioal would reduce the hardnesa to the deairecl Rockwell C ;!, 
w1 thin the specifiod four-hour teapainc tille. !hcpering tecporaturee for 
these hea.t a were therefore token na a few decrees below tho or1 tioal, "1ich wa.s 
1ncl1oo.ted by the h4rdnesa of the tecp~ ba.r becinn1ng to increa•o with tcq,orn­
ture. These tqero.tures were apeotod to gin a ha.rdneH of appro:d.nateq 
Ro alcwell C 3() • 

The tcperin& tmperature• aeleoted on the basis of teapor bar reaults are 
given 1n Table DI, as well as in the bod¥ of this report. 

2D 
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•·•l!• T. RISULTS 
Au• teni t:hed. Cooled Boakwell O 2ti IDien 

Beat 4 Bova at ~-oh to Tmp ered. 4 Hour, at 
..!2.a. ,r,.l 1n 'o r.l t• r.l 

l 1650- Water ·70 ·1155 

2 1650 •ter 70 1175 

3 1650 011 70 1205 

4 165<> Yater 1Q 1165 

5 1650 Water 70 1155 

6 1650 Oil 70 1210 

1 1700 011 400 1220 

8 1700 Oil -100 l2a? 

9 1725 Oil -100 1210 

10 1675 011 .. 100 1225 

12 1725 011 -Ja:> 1195 

13 1725 Oil -Ja:> lcOO 

14 1725 Oil -3a:> US> 

15 1725 011 -33> l2J) 

16 1725 Oil -320 12,> 

17 1725 011 -100 12)5 

18. 1650 011 -100 1225 

19 1650 011 -Ja:> la:>'9 

20 1700 Oil -100 1210 

2l 1725 011 -Ja:> l~ 

22 1725 011 -Ja:> 120'.>• 

23 1750 Oil -Ja:> 1210 

24 1750 011 -320 1~ 
25 1750 011 -33> 121'9 

*18alcw.U O Z ::"t' not ltt olttabtll t:.,--•• in:toated.' 1 I tllat ci Tine 
· aSnilimn unau1 a tw 4tilr111 \el.ow Uaal l'act • 

I ----



I L
 3

2
 •

--
· 

-

3
0

 •
-

F
IG

U
R

E
 

D
•I

 
T

Y
P

IC
A

L
 

T
E

M
P

E
R

 
B

A
R

 
C

U
R

V
E

_ 

B
A

R
 

l7
A

2
 

I 
I 

l 
-

' 

41 " 
=

 
2 

7.
 4

 
M

 V
 =

 I
 2

 I 
8 

° 
F.

 
7 

.. 
-

G
R

A
D

IE
N

T
=

 L
 

=
 -

1
8

° 
8 

c.:
, 

T
E

M
P

E
R

IN
G

 
T

E
M

P
E

R
A

T
U

R
E

=
=

 1
2

0
0

° 
.J

 
.J

 
Il

l ~ 
2

8
 

c.:
, 

0 CIC
 I C

l)
 

fl
) 

Il
l 

Z
 

2
6

•-
-­

o CIC
 

C
 

%
 

)
(
 

)
(
 

1
( 

)
(
 

J
( 

)(
 

• 
IC

 
• 

X
 

• 

• 
• 

l(
 

2
4

 

! 
JC

 
• 

X
 

. 
. 

'I
( 

X
 

)
(
 

)(
 

. 

• X
 

• X
 

JC
 

T
 

• 
F

IR
S

T
 

S
1

0
£

 

x 
S

E
C

O
N

D
 

S
1

0
£

 

22
 _

_
_

_
_

_
_

_
_

 __
. _

_
 ...

._
 _

_
_

_
_

_
_

_
_

 ...
._

 _
_

_
 __

_.,
 _

_
_

_
_

_
_

_
_

_
_

_
_

 ~
-
~
 

0 
4 

8 
12

 
16

 
2

0
 

2
4

 
2

8
 

3
2

 

01
 S

T
A

N
C

E
 

F
R

O
M

 
H

O
T

 
E

N
D

 
IN

 
r 

i ' I i I l I j 



' t 

5
0

 

4
0

1
--

-_,
., 

!S
 

0 ~
3

0
 

Il
l 

m
 

• - Ill %
 z ~
2

0
 

%
 

C
 

IL
 ., Il
l 

I 

Il
l 

IE
 
10

 
C

, 
I 

Il
l 

0 

0 

• 
F

IG
U

R
E

 I
 D

-2
 

T
Y

P
IC

A
L

 
G

R
A

D
IE

N
T

 
T

E
M

P
E

R
IN

G
 

F
U

R
N

A
C

E
 

C
A

L
IB

R
A

T
IO

N
 

C
U

R
V

E
 

I I
I 

4 
=

 2
7

.3
 

M
V

 
• 

~
 

• 

• 

4 
8 

12
 

16
 

2
0

 
,. 

2
4

 
D

IS
T

A
N

C
E

 
F

R
O

M
 

H
O

T
 

E
N

O
 

IN
 
l 

2
8

 
32

 

I ' _t
 



APPENI>IX I 

Jominy Resulh 



APPJ:NDIX E 

Jomin, Results 

I. Samples Investigated. 

A. Jominy bars machined from each of the uperiNntal castings. 
These specimens, three inches in length and one inch in diameter, 
were austenitized for four hours at the temperatures determined~ 
the stuey described in Appendix C and end-quenched in water using 
a standard Jominy fixture. Hardness data and metallographic data 
obtained from the as-quenched samples are given in Tablo E I, in 
~icur•• El, E 2, E 3, I 4, 1 ·5, E 6, E 7, and in Figure l (body 
of report). 

B. Six additional Jomin7 bars from heat 6. The bars, of standard 
dimension•, v•e austenithed as ducribed under A. but were sub­
jected to special cooling treatments prior to the end-quenching in 
water. The cooling schedulH are outlined in Table E IV. Hardness 
data and metallographic data obtj,ined from the as-quenched samples 
are contained in Tablu Jl II and E III. 

c. Jominy bar from heat 22 tenperod for 1/2 hour at 500° r. Thie bar 
was on• of the group au• tenitized, end-quenched, and.studied a• 
deecribed undor A. above. It was given a subaequont slight tempering 
in order to permit clarification of the intorpretation of some of the 
a1-quenched microstructuros. The microetructure observed after 
t911J'ering 1e shown in J'igure E 8. 

D. Jominy bar from heat 6 hg,ered under the condition, determined by 
!he 1tudy de1cri bed in Appendix D, that ii, tor tour hour, at 1210° r. 
Thil bar va, one of the group au1teni tiied, ond-.q_uenched and studied 
a, d11cribed under A. above. U vat g1 ven the eubaequent t •mpering 
treatment in order to ascertain if the intermediate tran1tormation 
pro duet ob1erved on the ai-queached •ample ~ be detect1d after 
temperinc. The tempered ld.cro, tructure ii 1h0Wft in 1igure E 9. 

II. Procedure. 

A. Hardaeu Stud.z. . 
1. Sample Preparation - Carburhecl and decarburhed metal vat 

r.ound from the sample• in thh manners 
a) Renoval of .010 inches tron th• radius on a centerle11 

grinder 
(b) ReDOval of .o~ inch••• from each of two opposite faco1 

on a wet, horizontal •urtaco grinder 
2. Method of Survoying Saq,le - Rockvoll 11 0" hardno11 value• wore 

obtained along one tac• a€ fixed di1tances in sixteenth, ot an 
inch fro2:1 the, quenched end. TheH 4htance• are indicated in 
Table Jl III. Burr, were elimiaate4. tron the hardn111 indenta­
tion, by wet grinding to a 4epth ot a !ew thou1andth1 ot an inch. 

• Hardnou values :tluctuate4 troia lqer to layor but becam con1tan t 
at thil tapth of cut. The bar troa heat 6 va1 groUlld u additional 
.020 inchH an4 no •ub1tantial chaac• va• found in the data obtainod 
both b7 .& hardnH1 1u"q aa4 a llicro•tructural survey. 

ll 
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Another eurvey wa, then m.de at equivalont distances along 
the second face. Hardness value, were thu1 obtained on 
repreeentative, Jocin, bare tron all the experlaental casting,. 
They are plotto4 in 1igure E l. Hard.neu valuee were obtained 
dttilatly on the • ix ad.di tional Jom.n, bar, troc heat 6. They 
appear in Table E III. 

B. Metallogr9!AiC Study 
l. S~le Pr1aration - One face of oach ea:zple on which hardne11 

vauee habeen c.\etorr.lined. was prepared tor r.iicro,copie exarii­
nation. The f•thod uee4 waa • i?:tilar to that o\1tlined in a pro­
viou1 report. It i1 believed that inlUfficient heating occurrod ,. 
durin,; poliahing to t9r.1per the quenchod nicro1tructure1. 

2. Etchin,; - ill ea..':lplcs wore etched tor about 15 second• in l~ 
nital. Thie practice was eetablhhod af tor 1000 prolim.JlAJ'Y 
stuq of the 1tructures obtained with both nital R.Dd picral 
on the ,teols under investigation. Survey, of aoounts of int3r­
r.sediate traneforr.,a,tion producte revealed by both etches in bare 
ot two of the lower alloy heats, 3 and 6•, showed that they could 
be used intorchangeably for this purpose. ill the steels atudied 
and especially those high in nickel content were ::ru.ch nore r11i1t­
ant to picral than to nital. The latter revealed eir.niltaneously 
the 1tructuro1 of the inter~ediate transfor~ation product• a.ad 
tho background 1tructure of untraneforned cicroconetituente 
whereas the foroer tailed to depict einilar ovidenco clearly 
and cocplotely. On the basis of this effect l~ nital waa 
eolected for the present procedure.•• 

3. Method ot Surveying Mieroetructure - To facilitate obaervation 
of tho oicroetructure at fixed distances fror. the quenched end 
and along the col'JJ)lete length of the Jonint bar, a special ear.ple 
holder was attached to the stae;o plato ot the cicro,cope etand. 
The holder conli1te ot a V-bloek in which a epecicon h fastened 
securely by nean, of a aet ,cnw. The block h capable ot 41• 
placeatint in two direction,, at right angles, dhplacer.1enta be­
ing read oft b7 neane ot cillineter 1cale1. 

l. M. Norton: , "Metallogaphic Polhhing." - Watertown Areenal Report 
130/3 (1935). 

• The cooparilon e• th:iat11 recorded tor heo.t 6 are given in Table E I. 

•• Tho deci1ion wa, ::inde with full knowleclgo of the de1crl~tions ot the 
tWrits and linitations of picral containec!. in the following public&• 
tione: 

( l) Berglund: "Metallographer, 1 Hand Book of Etching" 
Piteian 6 Soni, N.Y. (1931) 

(2) Portevin iw'. !astien: "Riactit1 D1Ahaquo Mt\tallogrP.phique• 
Dunot, Part, (1937) 

(J) Vilella: "Metallographic Technique for Steel• - A.S.M., 
Clnelan4 (1938) 

(4) A.S.T.M. Stan4ar~ .• Part I 1939 

( 5) A. s.M. Metal, Hanlbook 1939 
21 



Three 1eparate surveys of the nicro,tructure along the length 
of oach bar were r.,ade at a n~ification of npproxicately 500 
dianeter •. Thie wa, done by- mvinc tho 1anple holder to pre­
doterr:iined position, read ott on the nillineter scale and by 
recording the percent~o of interr:iediato tranaforr.ation product, 
it &Icy', vi1ible in the field at each position. The tixe4 posi­
tions, converted to aixteonths of an inch,appear at the hea41 
of colur:m.1 in Table EI. Survey No. l wa, r.iado alont; the center 
of a bar. Surveys No. 2. and No. 3 wero r.ade along parallel, 
longitudinal area, 1/2 t'IT.l. to the right and left of center. 
Data were obtained in thie r.,anner on Jor.ilcy' bar1 fro?l all tho 
experinental ca,tin«•• They are recorded in Table E I and 
plottod in Figure El. Sicilarly, data were obtained on the 
aix additional Jor.iilcy' bare fro::: heat 6. Thoy aro recorded in 
Table J: II. 

III. Reaulte. 

A. Ai-quenched Jominy Bar• from Experimental Heats. Data found by 
hardnes• and micro,tructural 1urvey1 of these specimens are presented 
in Figure E 1. Rockwell •o• hardneas values and percentages• of inter­
mediate transformation product are plotted versus diatance from the 
quenched end of the bar. The occurrence of intermediate tran1formation 
~roduct, an indication that the specimen did not harden throughout the 
three-inch length, 1• recorded for heats l, 2, 3, 4, 5, 6, 7, 8, 9 and 
20. Thie ~roduct was not observed in bars from heats 10, 12, 13, 14, 
15, 16, 17, 18, 19, 21 a,;~ 22. From the curves of Figure E 1, it may 
be seen that the hardne1s ·vn1ie1 to not generally refiect the ~reaence 
of the intermediate transformation product until it occurs in relative­
ly large 8JIIOunte. As much as 3~ of the microconetituent may cause no 
significant change in hardneae. 

The 8Jllounts of intermediate transformation product observed micro­
ecopical.ly, according to the ~rocedure described previously, in bare 
from heats 1, 2, 3, 4, 5, 6, 7, 8, 9 and 20 are recorded completely 
in Table EI. Deteminationa were rounded off to the neareet 5~, 
Vales emaller than 5• are listed without alteration. !ecauee ot ' ,eJre­
gation in the steel,, duplicate reeulta were not obtained tor two aur­
veya made at different locations along the same bar. If more than one 
aerie, of surveys was made, however, the resulting averf18e• from each 
aeries were similar. Likewise, when two bars from the eame heat were 
surveyed, the resulting avere«es 414 not differ greatly. The results 
trom two bars from heat l ftre presented in Table I I and illustrate 
the reproducibility of the surveys. Ae mentioned previously the 
averftged estimated percentage, of intemediate transtormation product 
were roughly equivalent whether the atructure waa revealed with ni tal 
or with picral etche1. ~able I I give, data tor heat 6 after using 
th••• two. rea,ents. 

• J'iguree used are the average v,uuee lilted in Table I I. 



The intennediate tran1formation product, recorded in Figure I 1 
and in Table I I and referred to throughout thi1 report, 11 be1t de­
fined b7 mean, of photomicrocraphe which illu1trate it in relation 
to the untran1formed micro1tructure reported here a, martensite. 
1igure J3(XlOOO) depict, the m~cro1tructure1 at 1/16, 9/16, and .,._/16 
inche1 from the quenched end of a heat 8 Jomin7 bar. The structure in 
A eeema to be bona fide marteneite, In B, the marten1itic outline, 
per111t but there 11 a aucgestion ot carbide precipitation in 10~• of 
the larger needle,. In C, a d11tinctl1 different • tructure is visible, 
some portion, ot it beinc indicated b7 white arrow,, This repre,ents 
the intermediate transformation product~ of which 11 reported• fqr 
the sample at an equivalent di1tance from the quenched en4. The ~ack­
ground in C is aimilar to the 1tructure in B and appear, to be marhn­
aite with slight carbide precipitation. 11.gure I 6 (Xl.000) show, the 
micro1tructure1 at 4/16, 18/16 and 34/16 inches from the quenched end 
ot a heat 20 bar. The description Ju1t given tor the micro1tructur11 
in Figure ~-3 applies Al.1O to thoee in 1igure 6 ,xcept that the amount 
of intermediate tran1tormation pro4uct h much greater in Figure I 6 C 
than in J'igure I 3 c. 1or thil 1emplt of heat 20, 3~ ot the produet 
was reported at the 34/16 inch location. 

! large number of photomicrograph• illuatrating the micro1tructure1 
of a Jomiey bar from heat 6 are pre•ented in Figure l (bo~ of report) 
and in Figure• 2. The7 are intended to 1erve the following purpo1e11 

l. To exemplif7 increasing ftl!IOunts of intermediate 
tran• tormation product, 

2. To 1how the appearance of the product at high 
magnification. 

3. To permit coarpari•on of the ~roduct a, revealed 
b7 nital and b7 picral etchant,. 

J'i~e• l D, r, J, M (Xl.000) portra, area, at 9/16, 15/16, 26/16 and 
33/16 inohe• fro• the quenched end of the bar and exhibit increa•ing 
amount, of intermediate tran1fonaation product. Percentac•• of the 
product reported tor equivalent location, on thh 1aple are l, 2, 10 
and 20. The appearance of the pro.tuct at high macnittcation ii 1llu1-
trated in Figure• l I, G, B, I, IC, L, I and P, The area• in 1S.gur11 
l I, G and B contain 'Hr7 mall patche• occurrinc in the Ticin1t1 ot 
grain boun4arie1. The • tructure of the product 11 diapla7ed more . 
clearl7 where it exi1t1 in lar1er patch11 •• in 1igure1 l X, L, I and P. 
r1cur11 I 2 B, JI, G, B (11000) ,how increadn& amount• of intermediate 
tru,tormation product a• reYeale4 'b7 a picral etch. The•e area, 
•hould be compared vi th tbo•e ot ncure• l D, r, J, M which were 
photographed at equivalent location• on the ••• bar atter a nital 
etch. At tir1t gl.ance the increa1inc •ount ot product, repr11ent1d 
b7 dart etchin& area,, aq be apprahe4 more quickl7 than when nUal 
etch ii u11d. Kore careful ecrutinr in41cate• that the pre•enc1 of the 
fir1t lllal.l patche1 near the quencht4 en4 11 not d1tinitel7 di1tin­
cui•habl1 tro• the 'bacqroun4 1tructure an4 that much of the detail of 
the bacqrowad 1tructure lt1elt 11 indl1tinct. 

• lot, that Ti•-11•tlllat11 ot the product were made at a •acnlflcation 
ot 500 dia1ter1: photo• lorocraph1 were made at 1000 dia1ter1, 



lipree I 4 (Xl.00O) I 5 (Xl.O00) an4 I 7 (Xl.O00) illu1trate the 
micro1tru.cture1 ob1erved at the two end1 and center of Jomi117 bare 
from heat, 17, 19 and 22-tn,ical heat, in which the int,rmediate 
tran,tomation prod.uct did not occur. The pruence of 10~ mlll"tentite 
wa, reported for all of ·theee area,. In rtcurea I 5 0 and I 7 C, there 
h an unexplained nnn-etchinc bacqround aaterial which po •·•1bl1 mq 
be retained auatenite. In 11,ure I 4 J and C, there i1 a eugge1tion 
of carbide precipitation in the aarten1itic 1tructure aimil., to that 
1hown in J'iguru JI J and. Jl 6. 

' 

B. Jomil\Y Jar, fro• Heat 22 Tempered l Bour at 500°1. J'i«u}'e I 8 •how, 
the micro1tructure of th11 •ample after the indicated teMperlng treat­
~dnt, The location• are coJIIJ)arable to tho •e of the areaa on the••­
quenched bar from the 1Ue heat, dhplqed in 11gure I 7. Stw!.7 of 
the photomJcrocraJ)h1 in rtcure I 8 4110101•• that 

l~ The carbide parti~le• precipitated b7 thia ~114 
temper1nc are, in ,,neral, too fine to be re1olved 
411tinctl1 at the • acn1t1cat1on emr>lo7ed. 

2. The structure 1• \lle •••· .at 'both enda and at the 
center of the 'b~ 1nt1aat.1nc that the non-etching 
'background matertal of 11,ure I 7 C reaponde4 to 
the treataent Ju•t a1 ~j4 the aarten11t1c area,. 

3. The marten•ite nee(ll,1 Which, on the a1-quench1d bar 
froa thh h1at '-- _.,_ ·cltar cut ud free of v1a1'ble 
carbide• (1ee 11aitar• I 7) have per1i1ted to 10•• extent 
have becoae lea• 411tinct and now contain finel7 pre­
c1p1 tated oarbicl11. ~e7 ... to be analacou1 to that 
a1crocon• t1tuent w~ic~ ~•• ob•erved on 1om1 of the a•-
quenched bar1 and whi~b, up to thh point, :baa been 
detcr1be4 a• aarten•ite with a au«c11tion of carbide 
irec1p1tat1on. (See 111'1!'e• I), I 4, I 6 an4 Jigure l 
(boq of report) •. ) It woul4 now appear rea•onable to 
call th11 1tructur1 1liptl7 tempered marten11te. 

further d11cu111on of the fore«01nc ob1ervat1on 11 pertinent. 
Tba occurrence of tapered aarten1ite in 10•• of the quenched Jomin, 
bal"t 11 fea• ible when it 11 con114ered thats (1) the cool1nc rate of a 
Joa1111 eaaple h fairl7 •low 'Nlow about 700°1. and (2) the bqlnninc 
ot the marten1lte tran1for• ation tor mo1t of th••• 1teel1, •• 4eter­
m1ne4 by the at~ de•cr1be4 in Appendix J, 11 1ufflcientl1 above 
500•1. that the 1n1t1all7 fol'lle4 •arten11te can conceivabl7 beooae 
m1l417 tempered before cooling h coapleted. It ahoul4 be noted, 
tinall7, that the aicro• tructuree ln llprea I 5 an4 I 7, tn1f71nc 
heat• 19 and 22, do not resemble aliptl7 tempered aarten• ite an4 that 
the beg1nn1nc of the • arten1lte tran1foraatioa for th••• 1teel1 11 
reporte4 to occur at 550•1. and 470•r. reay,ectivel7, temperature, 
lower thu thoee for the other heat •• 



Structure• eimilar to thie elightly tempered martensite and 
claimed to haYe been produced 18.othermally, have been shown elae­
wherel ,2,3. There appears to be uncertaint7 as to ita true nature. 
One 1ugge1tion, that it 11 a low-temperature Bainite, mq be correct. 
It 10, then the evidence obtained in the present 1t114T indicates that 
low-temperature B&inite and 1lightl7 tempered martenaite are 1nd1s­
tingu11hable micro1copice'ly. 

c. Jominy Bar from Heat 6 Tempered 4 Houri at 1210•r. The intermediate 
tran1tormat1on product ob•e"ed in 1ome of the a1-q_uenched Jomin7 bars 
eDmined in thil inveetigatlon mq po11ibl7 be a110ciated. with the 
unde1irable condition, cohtr1but1ng to interior propertie1 in some ot 
the 1teels when heat treated a• full 11-.d. plates (1ee body of report). 
Since 1uch 1teel1 would not or41nar117 be checked tor microconatituenta 
until they had been 1ubJected tQ final heat treatment, it 11 important 
to know it endence of the exittence ot the intermediate transtoriu­
tion product persist, 1u1'ficientl7 during the tempering operation to 
be detectable micro1copicall7. 1or thi1 rea1on, the Jominy bar from 
heat 6 wa1 tempered 4 houra a~ 1210°F.-the temperature determined 
tor this steel by the 1t~ d11cribed in Appendix D. 

The photomicrograph• ot 1igQl'e I 9 (11000) illuatrate the reeulting 
microatructurea at location, equivalent to thoae photographed on the 
1ame bar, ae-q_uenche4. ( See 1igure l, body ot report.) Comparison 
ot the N"el\l in J'igurea l B, D, r. J, M, which contain T&rying uounta 
of intermediate tran1formation product, with thn1e in 71gure I 9 1U1-
ge1ts that the 1tructure ot the tempered intermediate transformation 
product 11 not readil7 d1tterent1ate4, at th11 ma,;n1t1cation, from the 
structure of tempered martenaite. 

-------------------------------
1. 

2. 

3. 

Vilella; 11Metallographic Technique for Steel a - A91 CleTeland, 193s. 

D&venports 1 Iaothermal Tran1tormation in St~ei~ - Trana. A.91 Vol, 
XXVII, lo. 4, Dec. 1939. 

Cruciger & Vilella: 1 The I1othermal Tran,tormation of Caae­
Carburi1ed W 4815• - Trana. !9C Vol. DXII, 1944. 



TABl r: E:I 
-----;;;TRlJCTURAL SURVEY OF .DIINY BARS CONlllNING INTERMEl:MrE 1NNIRRMllN ~ • .. 

ci % INTEAMEDIATE TRANSFORMATION PROOUGT AT INOICAlEO 
i z DISTANCES IN SIXTEENTHS OF AN INCH FROM QUENCHED 

)-s "' [NO OF JOMINY BAR 
~ --% i I ;\ 4 5 6 8 9 II 13 15 19 23 26 30 ~· 38 41 

I - - - 5 40 40 40 40 40 60 60 80 90 9!5 80 95 95 

2 - - !5 25 20 1!5 40 50 
I 

!50 60 50 85 80 80 70 85 10 

3 - - - 30 20 60 50 50 50 60 70 15 80 90 70 70 95 

AVERAGE - - 2 20 25 «> 45 45 46 60 60 85 85 80 7!5 85 90 

I - - I 2 20 !50 55 40 !50 60 95 fl) 90 60 95 80 10 

I 
2 - - _ ·,o 2!5 40 50 !50 80 60 8!5 8!5 80 8& 80 85 so 
3 - - - - 10 30 40 50 60 60 90 60 80 70 8!5 80 70 -- ··- - 7 ·- -

AVERAGE - - - ! /20 40 50 45 65 60 90 70 85 70 85 80 60 
' 

I - - - - I 10 10 - 40 25 60 70 50 90 50 50 80 
- -- -

' 
2 - - - ·- i 2 10 5 50 «> 50 60 30 80 60 90 25 10 

2 - I 

3 - - - - 1 1 15 30 40 40 1!5 - 40 40 10 90 90 10 
r--- ·-- - - --- - -- ..... .. --- - -- ·-- - --- - - - - ~ --

AVER& 
I I 10 1!5 25 40 30 60 45 55 75 7!5 55 50 - - - 1-

I 

I 

I - - - l I : I 110 I 25 40 25 25 30 !50 10 60 «> 10 
. -·- ~ :T~-;;-

3 
2 15 2!5 25 5 10 eo 50 70 70 70 50 

3 - - - _ :_ j,o !5 I I !5 20 40 40 25 40 60 50 70 40 --
AVERAGE - - - I : I 10 10 20 30 25 25 40 50 70 60 60 60 

I - - - - I 1!5 20 30 50 10 10 80 90 70 !50 40 80 - - --
2 I ' 20 40 40 2 60 !50 80 90 2!5 90 8!5 

4 - - - - : !5 -
I 

3 - - I 2 ; !5 '30 !5 50 30 40 50 40 30 60 ~ 70 «> ... 

AVEMGE - - I I '. 4 : 20 10 40 40 20 40 55 70 75 55 70 10 

I - - _ :_ 11!5 10 40 40 40 40 25 60 70 60 80 40 30 

5 2 - - - - I - 10 40 «> 30 40 10 70 40 40 S) 50 

3 - - - ' 10 10 s 10 30 40 40 80 10 10 70 10 10 50 

I AVERAGE - -· - 3 . 10 5 20 35 40 55 40 S) 85 80 15 ., 45 
- I 



TABLE El 
- ,, TURAL SllM" Of JOMM' BARS CXMllNWG INTERMEDIATE ~ ~-r:! 

% INTEfNEDIATE TRANSFORMATION PRODUCT AT INDICATED 

i i DISTANCES IN SIXTEENTHS Of AN INCH FROM QUENCHED 
• s s ENO OF JOMINY BAR 

I 3 4 5 6 8 9 II 13 15 19 23 26 30 34 38 41 % 

I - - - - - - - I - 2 2 s 10 IO 25 5 -
·- - - - -

2 - - - - - I I 2 - ! 2 2 2 IO 5 30 10 10 
6 ,___ . 

- ~ 2 3 - - - - - I I I I 2 10 115 I 15 5 5 - I 

AVERA<I - - - - - I I I - , 2 2 3 10 10 !20 10 5 
I 

I - - - - - I 2 5 - '. I 2 5 :,s 3~J 25 5 10 
I --· - --- - - t . - . - - - - -~ - --

~ 
I 

2 - - - - - I 2 I 2 ; 10 2 20 115 ,25 25 5 2 
I - . 

3 - - - - - I 2 2 I I 25 15 5 35 15 25 15 10 

AVERAGE - - - - - I 2 3 I 10 5 10 20 25 25 10 5 

I 
I - - - - - - - - - 2 - - 2 - - 120 -

7 2 - - - - - - - - - - I - 5 15 10 ; _2~ 

3 - - - - - - - - - I - 5 - 1 5 I I i 25 130 

MRAGE - - - - - - - - - I - 2 2 
1 

5 ; 4 I 15 20 
I 

I - - - - - - - 2 I 
I I I - 1- - - ,- 1- , - IO 

2 
: I i 10 8 - - - --: c - - - - _,_ - - - !- •5 -- --

I ! 1- i I 3 - - - - :- - - - - I 7 7 - I ----- . 
I 

~'JEMGE 
I 

I 3 3 - ' - ' 2 i 4 3 - - - - 1 - - - - -
I I I 

l 5 I - - - - - - - - - - - - - - ;_ !5 - -
9 2 - - - - - - - - -- I - - ·- 11 ! 5 -

I I 

( 3 - - - - - - - - -- - - - - i- 12. I 
I I ! I 

AVERAGE - - - - - - - - - 1 - - - - ; - 1- , 3 2 
I I 0- I . I - - - - - - - - - ,- - - - ' 215 1 10 115 
I 

20 2 - - - - - - - - - - I 15 10 1- '30 l 25 25 
l 

-

3 - - - - - - - - - - - 10 10 I 2 20 20 20 -~ ·- -
/fJERAGE - - - - - - -1- - i- - s 5 I ,50 20 20 

I I 

* SAME AS PREVIOUS BAR BUT WITH 1% PICRAL ETCH. 



----------~TABLE E ~ . 
~U"lrfl"fU:Tl.M. SUfMY ~ ST!:P"1lNO DELAY--QUENGHEO .DINY BARS FROM HEAT M:>. 6 

d z 

--- ------· -
% INTERMEDIATE TRANSFORMATION PRODUCT AT IM>IGATED 

DISTANCES IN SIXTEENTHS OF AN INCH FROM QUENCHED 
, 
END OF J OMINY BAR 

I 3 4 5 6 I• ! 9 II ;13 15 , 19 23 26 30 34 38 41 

: I , ! 
,__ _I _ --_ 1- - ,- i - :- - ;-- 1- - - _- - - ~ 

6TI 2 -- ,' - [-- l--- i-- 1---- 2- . =-- - - -- .. - ' - -~t~ - • . ' ' - 1 · I 

3 --1- _ l _ ,_ --1- 1- 1- •-- -- --
1---+---+- - t --- t · •- -- .. . - -- ! - --- - ~ · • l ---- ---- - -- - ----
IAVERAGE- - - 1- - - ·- - J- - ,- ---, t --

1 I 

• I ' I I 

~ I ___ ~ I- ;-.. I- J- .- ~-=--_,--:_~=--~=---~=- j- .~-=----~--~--=-
Sf2,_--~ --- - _-:-:J- - T -=--- -:- l - ~ !.":"-1 - ~--: i ~1---- 15 ~ -

3 - - I - - - - -
1

- ,: - : - ! - I - - - 25 - -
- -· - t • t I t - • f - ·-

A'tt:RAGE - - j - i - 1 - - 1- - 1- l-- :- ,- 10 10 -

l I ' I I : I 
__J ___ - ~ ;.- !- 1- . - . - 1~ 1.-:- 1-=:. I .. - 1- - - 10 -:-_ 

' ' • 1 1 I 1 
' 1 l I I 

ST":l._2 - , - : - , - - -:-1-·- I - ,- - - - 10 
'I -1~ . t l I • • I ' ' . - - . -- 1 - - - -

_ _ _ 3 . - - : - :- ! -::- . - . - . - - ;-. . i -:--_ .. - ; - t- t - ~ ~e -
, .. ~ ' ; 1 I . 3 10 "~RAGE - - - i - - - - - - - I I - ·- i - : -

I I I I 

I ' ! I ' I ! __ , __ :::::~~-i---/-: ---~ -- -~~--1- i- --~ -~ -t5 1-:-~- --'-~ 20 

., - j- I - :- - . - - ; - j - :_ i - i - - 1 2 15 25 30 srs~-~ . · · r l - · · -•-· , 1 - .. ; : ;· ·- t - -- .. 

3 -+=i~-1--= !~ - __ -:- :- 1::--.,- ,- 1-=--~~---t---10 _ - ,, 
llVERAGE - 1- ; - : - - - _ I __ ,_ - - 3 I I 15 15 20 

I I ' 

I I ; I I ' . I I 
I _ \ _ ' _ :_ - - -

1
- , - · - - 10 : - 15 ! 15 25 30 ,___ -. . -~ -- --l . - . I" - i : . - i ·t l -- -- -

srs_2 __ =- =-.= -,-~ _--:- _-: --~ j- l:·= ;= i- l ~ -~'C?. [-. '! .... =. 40 5 

___ 1 __ -:- -=--• ~ i -::-- _: .. - . - - 1- l - - -~ 1-:-. l 15 -~ 40 5 ..-=_ 

~w:RAGE - I - ' - : - - - - - - - - 5 : 10 10 20 25 10 
I : 1 I 

l ' ! , : I 

~-' -- .. :-: ~ ----l-=- - - - - - 1- :·=-j ~ _ji ~ - ~ --'- ~ ~ 5 

;n ___!_ - - 1_=_1 - ~ _--:- -::. -:- i ~ r~-:- +-=-- - -:-_,:-_ ~5 - -

3 - - - - - _ _ -: _.:-._ ~ ~-•-=--L-::.J- :-_ = ~~ ,o s 
NERACZ - - - - - - - - ~ 1- 1- 1- 3 - 10 15 3 

I I 



TABLE E ][ 

~~ SURVEY a: STEP-AN> [ELAY..QIJ04ED JOMM' BARS FROM HEAT N0.6 

0 ~- INTERMEDIATE TRANSFORMATION PROOOGT AT INDICATED 
z 0ISTA~ IN SIXTEENTHS OF AN INGH FROM QUENCHED 

i • ENO a: JOMINY BAR. "' 
I ! I 3 4 5 6 8 9 II 13 15 19 23 26 30 34 38 41 

I - - - - - - - - - - - - - - - - -- - - -- -~ - - --·· -

2 - - - - - - - - - - - - l!S I - ?!_l!_ ·- - ·- ·-- - · - - ·· - - - ·- - -- . . ·--- -- . -
5T8 3 - - - - - - - - ___ :J_=-- - - - - - ---- ·- - -- - ------ - · - - - --

AVERAGE - - - - - - - - - - - - 5 -
,_ 

10 I 
I 

I - !-: I - - - - - - - - - - 1- - - - -~-- - ,_ __ ,-. --- - ·- -· - . - ·----- ··- j . -· . -- . . --

2 f ~-
I 

5T9 - - - - - - - - - - - ~- - -
·- -- -- ~j 2 -

I 

3 - - - - - - - - - - ~ L~- 2 I-
H - • 0 --- -·--r-

~VERAGE - - - - - - - - - - 1- - - - I ' -
I 

I I 
I - - - - - - - - - - - - - - 10 - 30 - --·•-- ·· -

5TI~ 2 - - - - - - - - - - - - 5 - 5 - 2'S 
·- - --- - - -- . - . - - - - - · - . - - . - - · -- ··- ----

3 - - - - - - - - - - - - - - 10 - 20 
·- - - - ---- - --- - -- - -· --- - - - · -- - .. - ··- . . - -- -

AVERAGE - - - - - - - - - - - - I - 10 - 2tJ 
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TABLE Em 

HEAT TREATMENT OF STEP-ANO DELAY-QUENCHED JOe11NY BARS FROM HEAT NO. 6 

ALL BARS AUSTENITIZEO AT AflflRO(IMATELY l&&O•F,COOLED ANO 
HELD AT TEMPERATURES AS INDICATED BELOW AND THEN ENO -
QUENCHED IN WATER. 

-
COOLING PRACTICE 

BAR NO. TIME AT 
TEMPERATURE TEMPERA1\JRE 

- -- ...... - - - · 

6 TI 1000 -f (SALT) 5 MINUTES 

II 

6 T 2 10 MINUTES 
·--- ·-

" 6 T J 20 MINUTES 
- - -

6 T 12 " 40 MINUTES 
·-- -- ·- ---- -

6 T 5 
II 

I HOUR 20MNJl!S 
·- - ·-- - ··- · -

6 T 6 N 2 HOUR 40MINUTES 
- -- -·- · -- --- - -- ··- -- -- - --· -- - - ·---- ---

6 T 7 • 5 HOUR !O MINUTES 
-- - - ------ ------ ·- - .. -- ----- --- ----- -- · ----- -

'· AIR- COOLED TO IOOOlf-

6 T 8 TRANSFERED T0 SALT AT IOOOlf-

HELD 5 MINUTD 
~ - --- .. - . . ·-· . - . - - ... - -- -·- ·--- -·-·-

FURNACE OOCUD AT 18 • F / MINUTE TO IOOO•F-

I TI TRANSFERED 10 SALT AT 1000 •F -

I HELD 5 MINUTES. 

I 

it 



f"IGURC C-1 

f ct of __ tenitiz1n£i T '!L 1 atw•e U!)Oll D~e _ of 
Carbide Solution J.~L.:~lloy Steel 

I I 

All epecimena water quenched 
Picral. etch XJ.000 

Heat No. l, Specimen No. lX5 
AuGtenitized 4 hours at 1550°F. Jew 
undtasolved co:rbicles. 

Heat No. 1. Sp eoimen No. 1X6 
Jluatenitized 4 houro at l575°E. Very 
few undissolved carbides. 

WTN,639-6939 

Heat No. 1. Speo1man No. lX1 
Au.etenitized 4 hours o.t 1600°1'. No 
undisaolvocl. carbides observed in the 
microucope ey~ieca, but the in­
creased sensitivity of the photo­
erP.PhiC emul.aion reveal o &0me very 
anall c..'U"bidos out of solution. 



1 ap cimen B oil qtt nched. 

' . 

•: . . 
.~.- ,: ·.t 

, . . ···. 

.... 

. . ~- . .. 
:. j •• 

f"I QURC C-2 

Picro.l etch XJ.00: 

·-: : . ' 
. •' ·. 

Heat No. 12. Specimen lfo9 l2A5 Heat No. 12. Specimen No. 12AI: 
Austenitized 4 hours a.t 1550°1. Man;r .Auaten1tized 4 hours a.t 1600°1. Few 
undissolved. carbides. undissolved. oorbides. 

Heat No. 12. Specimen No. 1~7 Keat No. 12. Specimen No. l2AS 
Austenithed. t~ hours at 1625•r. Jew Auotenithod 4 hours at 165o~F. Very 
widissolved carbidec. few Wld.iaaolved carbides. 

12. ciman Uo. 
Auetenitized li hours nt 1675°F. 
undiaaolv d carbi eo v1oible in 
micro copo ey Ji oe. 



wrn .639-6790 



JIQUllJ 1-2 

K1oro1truuture ot ..,,.gched Joaw l3g,r trom Heat i!6 

ltohania 1- Picrol 

Maczlifi• Loca-
cat1on ~ 

J. Xl.000 5 

:B Il.000 9 

o ~o 3 

D 125()0 9 

I XlOOO 15 

15 

G XlOOO 

H Xl.000 33 

33 

RCElarks 

100~ cartonei te. SUuestion of tmperinc in darker 
noeclloa. Ooz:spare 11,. l-:B, nitol. etch. 

11rat appearance of interoodia.te transforcation pro­
du.ct - the TerT black needlea. Oor.1pare J'ig. 1-1>, 
nitol etoh. 

l~ nartanai te. Darker needles, ;Like tho so in A, 
q,;eat tmpering. Oonparo l'ic. i-o, ni tol etch. 

In t8l'tlodia.to . ~ranaforcation product evidenced bf 
areas hdinc vor'y black resolvable carbide particles. 
Rcaining etructure oartenai tic. 

Increasing anou.nts of intOl'Zlediiite tranafornation 
product. :Baaqrouncl oartenai tic. Oocparo Jig. l,J, 
nitol etoh. 

Intemediate tr1111formation product seen as areaa of 
black, re10lTablo carbide particles. 

Interoecliate tronaforcation product reproeented bf 
Tery black area,. JlaoqMund A& in JI. Ooq,are 
11eu,re l,.J', n1 tal etoh. 

Samo etru.cture aa in G. Ooq,are l'ig. l.-ll, nital 
etoh. 

lntomediato tran1formation procluot aeon a1 aroaa of 
blaalc, re10lTable oarbicle particloa. 

• Dl 1tance froo qucchod end in aizteen tha of an inch. -
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J'ICJUlll :l-3 

MicroatNcture of .A. .. Qlenched Joci:n,y :Bar :Cron Keat ft 
It chant I 1~ Bi tal. 

! 

0 

Magnification1 Xl.000 

Location• 

1 

9 
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1~ cartmsito. lb,r 
ge• tion of t&tpering of­
f act in 110ae neodlea. 
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(Vhi te arrows indico.te 
eolle of tho areas.) 
Jaakci"ound 1 s J!lal'tenai te 
w1 th suggestion of t~ 
perin& effect. 

•Distance frcm qu.onched and in ab:toonths of a.n inch. 
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FIGURI ~4 

Micro structure of .A..,.Q;anched Jom.n;y; &.r from Heat 117 

ltc~t& 1$ lital 

Mapif1cat1on I Xl.000 
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:B 22 1~ aartenei te, 
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I 



WTN.639-6794 

-



lIGURJ !:5 

M1cro1t1"11cture of A.,.QJ.anched JopinY !o.r :t'ron Hyt· fl9 
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FlGUU JU-6 

Microstructuro of A• Qp.enched Jooiny :Bar froil Heat 120 

ltohant a 1~ Ni tal 

Kopificationa Xl.000 

Loaatio~ 

4 

18 1~ cartenaite. aiggoeuon 
of tmpori~ ettoot in dark 
neo4loe. 

Intemed14te transfol'DAtion 
prodnot in b•cround of 
cartensi te. Wh1 te UTOW• 
1n4icato 10ne of tho trane­
forcod a.roas. 
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n OORJ :I-7 

Microstructuro of Ae-Q.1enohod JouinY Jar frot1 Keat 122 
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.,.._-lZ. 
Microatructure of Jooinz :Bar from Keat# 

~mparod l Hour nt 500°F, 

ltohants 1~ lital. 

Magnificationa XlOOO 

X.,cp.tion• RfJ'la.rka 
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C 
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FIGURE i-9 

Micro structuro ot Jooiny »ar :t'roo H14t.J:2 

Tcpperod 4 Hours at 1210°r, 

EtchMta l~ Nital 

Me&nificationa XlOOO 

Location• ltaJo.rka 

5 Precipiteted oo.rblde 

9 
pa.rticl~s Just re11Dlv-
ablo at tld s !l&lgllitico,. 
tion. Areas of tqered 

15 in temediate tronaiorca-
tion product not readil1 

26 di stingu.1 sha.ble :fr0t1 
aroaa of tqorod Dll&"ten--

33 site. 

•D11tanue froa quonohod and in lixteenths of an inch. 
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aPJBDIX J 

Mart,el1te ~an1:tomat10n1 



a1•»1.x J 

Kartcaite "'••fopatioaa 

Aa a guide in \he heat-treat.met of \he Tarioue steela, 1t waa desired. 
to detenune the taaperature of the bec,na1nc ancl and of the auaten1t....-rtcs1te 
tranatormation <xa ad Mt pointa). Tho thermal arrost aethod appeared. to be the 
lu.et laborioua and moat atralght-forwri. Prel.1m1n&r7 work 1n41cate4, bowft'C', 
tbat while tho K8 point could bo m•wro4 •ti lfaoto~ b7 tho thermal arrest 
method, tho Kt oould not. •111 thoach a tq,C'at'IU°e d1ftermt1al teablliqu.1 
(outlined. below) •• uao4, no abrupt ohac• in ooolinc rate oould bo found at 
tho md of tho tnn1format1011. iooourH •• had. to tho 411atometr1c motbocl, . 
which 414 c1,To a ru.acmabq ab&rp 1.n41oat1on of tho apparent ad ot tho tran .. 
tomation. Simultanoou• thC'IDIIJ. arre•t and d11atometr1o m•wr•ata were, 
therefore ud.o • 

.A. Ohonnar41 • 2 tno dilatometer wa, &Tailable for the d1latometr1c ••aur .. 
mat•• fhi I dilatometer 1 a desi gnecl •o that the ohan&e of length of a ateel 
apecimen 11 reoorded photograph1calJ¥ •• a tunction of the chance in length of 
a atandard apec11la b7 meu.a of o:ptioal lffer arrqement.•• (Jigul"H n and J'2 
•how tn,ical dilatoaeter recoz:d1.) ~ aunce in lineth of tho metal atandard, 
dailar dimenaioDal.11 to the spec~•• blit of aioh compoaition that it un~ 
eooa no pbue chance• within the t-i,•awro rqo unw con•id.oration, aerves 
a• a mu.•uro of tho taporaturo of tho atHl apoo11lc. 

Whm,u in tho caH• tor whi~ tho 4Jlatollloter vu deaignod, coolinc or 
bu.tine 11 al.ow, tho taperature ~clioatof. on tho film ( that of the atmcl&rd) 
will bo tho •-• a• that ot tho ap~uac. Moro rapid cc,olinc (1.n air) 11, ~ 
hoWt"or, nNd.ecl, whc it 1• u,1rtf. to obtain tranaformation of m •tonito $0 
ll&l'ta•ito 1A 1tHla of aoclarato ~~Jl1'7 without 1.ntorteraoe b7 the 
pNrli to or baini h roaotioJlf• :• In· moll . ca&H•, tho temperature of tho eaple mq 
differ troa ihat ot tho ~dard d:ul'lDc ·~ cooliDC, nm tbouch the auadar4 
1a •au of a •tori al (aiakel) haTSAc about tho .. e thcaal. ooacmct1T1t7, 
11peoifto heat. a4 cla~tT, -. tho •tool apeola-. 

To deUl'lliu \111 a· t11111>•ature 41tf oraoo a4 for u•e 1a tho then&l 
ualy• i I •-1111'--h, th...,ooupl•• .... wl.484 to both the aiolcel •4 1teel 
•peoiaa• 11114 ooaooto4 to two hi.,_•peo4 roaorcUac galTMOaotor• •1111lar to 
that Ultcl b7 Graia,or.J The CalTIIIIOllet•• rROrde dllultaocni• q • tu .. o 
tila, tllo atoeJ,. taporature and tu 41ff•ao• betns tu .tool a4 tu nickel 
taparaturH, u tuacUoaa of um,. (.A. '1J>loal. 1&1-raoaotor reoor4 11 Ibo• 
•• 11cvo 13,) 17 \be 'l•• of the•• clata, ~ ateol taperawr• oorroapoa41JIC 
to u, aiatel . tapwame oould be oaloulaffd.t !he bc1,uS.ac at •4 of the 
aarta11 tic 'bl-tat• ware, tlleNtore, r_., flW tho 411atoaet• tila ( •H 
Jicuro 1) 1a ttr11• of tho lqth ot tu aiakol ,tanwda, cea•ert ... to matel 

1. 1. ~naart; •miatoaotro D1ttor•t1al iiirec1.treur•. lltmie to 
Motallurpo 0Cmoizoe1). li, 610-61'0 (1917). 

2. 1. Jollanrautll& ••• • ..,.., eptiaoua DllatoMtor•. z. Mo"allkla4o, l• 
163-165 (1933). 

3. .A.. J. Graiac•, "llle llart••lt• n...i .Ane•t 1.n Ir .... a.raa ~i.,, aad. 
Plaia Oarboa 8too1• 1 • ~-•• MIC, ll, J,.26 (19~. 
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temperature b7 a. calibration chart prepared for the nickel • tandards, mid 
finalJ.T obtained. in terms of •teel teaperature b7 IUbtractiDC the difference 
(obtained frcm the calnnometer curTe) between nickel and ,teal temperatures. 

A determination ot the Ma point could be obto.1ned troc the thermal data 
of tho galTBnometer record alone. A chance in slope ot the ta:iperatu.r&-Tersu.• 
t.iDe curve occur, whm the marten•ite tranafomation begins. !lhi• thermal. 
an-eat is more ea.siJ.T noted on the tecperaturo difference curTe, which, b~ 
oe;u.ae of its lea•er range, can be obtained with about four tines the senai­
tiTity of the temperature curTe. Since the stool tecpera.ture and the tecpera,. 
ture difference ourvea are 1111chroni11e4, the arrest con be located on the 
difference curTe and readil7 tran•terre4 to the steel tecperature curTe. 
Oalibration lines are recorded w1 th the ta:iperature oune on each filtl, so the 
,teel teaperature corrosponding to the arrest i a readil7 found. .ls can be seen 
in Figure 13, no aharp chance occurs in either the steel temperature or the 
difference curTo at the end of the mart ,,~ai te transforciation, so, as mentioned 
aboTe, the Mt could not be detem1ne4 .__ :10ut the u~ ot the dilatometer. 
Details of the operatine teobnique• and the neceaaa.rr calculations appear 
elsowhere.1 

Soce diffioultiea were ancountered because the thin apeciaens used 
(.077 .. 1noh dianeter x 2 inche• lone) tended to clecarburise during the auateni­
tizing treatcent, deapite the UH of a .ooa-inch nickel electroplate and the 
passage of puz,ified nitrogm ca• throuch the furnace. The decarburization was 
thoucht to be due to air leald.nc 1n through the furnace opening which admtted 
the dilatometer auenbl.7. Thia opening could not be sealed, and 1 t waa, 
therefore, decided to reduce the deoarbur1zat1on by au.tting the austenit111ng 
tir.1e to 15 mnutes Md raising the tecpero.ture in an effort to obtain co.rbide 
10lution and hocoganeit:, of the auatenite, equiTalent to that obtained in 4 
boura at the lower, atanclard, auatenitizing teaperature. On the balia of 
ceager data aT&ilable 1n the l1terature2,3 it wa1 estinated that an increaso 
in tecperature of' 45•r. ehould ooapeneato for the aborter au1teni thing tine, 
and the temperaturea. were accordingly raised approxillately 45°r. aboTe those 
giTen 1n Appendix B. 

'lbe procedure adopted waa to mi1tenitize one apeoiaan tror:i each h83.t to: 
15 minute• h the dilatoceter furnace, then withdraw it and oool in a curr~t. 
of air wpplied b7 a. mall electric tan. ~• C&T• n cooline rate of' approxt.­
matel7 80°1. per eecon4 at lJOO•J. It it wo.1 thoucht that the Mt r:iight be below 
75°1., the epecican and niakel atanclard, after reachinc room teaperatu.re, were 
further cooled to -310•1. The nm wa• than repented on the ume specimen 
ueinc another 15 minutH auatenitizinc time. 

If an accident (au.oh ae the breakinc of a thel'l'.10aouple) occurrod cSuring 
either run, two core rune ware ma4e, u1in,; a new apecmen. The sm:ie procedure 
waa followed if' the M1 tcperature obtained in the aeoond run waa core than 
a:>01. hicher th.on that of the tirat run, indicatinc tha.t po•aibly deoarburiza.­
tion bad oaourred. It the Ma of the second run was llOre than 20°1. lower than 

l. L. D. Jatte and P. Terri•; "'l!ecbniqu.e of Martceite Temperature Det~ 
tion•. Waterto111 Ms111al B.•ort. -in Preparation. 

2, G. A. loberta and a. l, Mehl; •mttect of Inhomcmeity 1n Auatenite on the 
Rate of the ~•tenite-PearlJte Reaction 1n Plain Carbon Steels•. Trana • 
.l.I.M.I., ~. 318-.334 (194.31• 

3. G. T. 1f1111ua; "llardeu1lity Variation, 1n AJ.107 Steela-So~e)InTHt1p,­
t1ona wUh the •&-~cm !feat•. Tran,. Aal, •• 157-U6 (191M> • 
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that of the fir1t 1 indicative of 1ncreae1ng carbide 1olution or homogeni~ation, 
the additional run, were made at a higher au,tenitizing temperature. 

Ae a check of the technique ueed, d1latometer 1pecimen1 from heat• 4, 15, 
and 21 (Specimen, 4W2-2, 15A4,.:1, and 21A4-l) were exaained micro,copically 
after being ueed for the marten1ite determination,. No definite undiaeolved 
carbide• were obeerved, and the auetenitic grAin 111e Wftl meaeured Re AS'lM 5-6, 
It wa1 found, however, that tbe heat 4 epec1men contained approxi111Ately 
10 per cent of intermediate traneformation JrOduct, 1uch ae that 1hown in 
Figure 1. Thil unexpected tran1format1c,n Wfll probably due to the mangeneee 
content of thh heat being lower than deeired, reeultlng in corr·Mpond1ngly 
low hardenab111ty. It wa1 decided to rerun the low-alloy heate l, 2, 4 and 5, 
employing a higher cooling rate. Thie wae achieved by u11ng spectmena having 
a diameter of .060 inch 1n1,ead of .077 inch (with a corre,pondingly smaller 
nickel 1te.nd.8rd) t'nd quenchin« in a 1tre11m of coaerciftl tAnk hel1Ulll, rather 
than in 1tn 11.ir current. Cooling rate• of 150° to 200° F. per eeeond A.t 1300° F. 
were obt11.ined in thil wa,, b~t the galvanometer curvea were not ae eathfactory 
u thoee made with dr-cool1zs«. The M1 temperature• found in heett.e 4 a.nd 5 
were •lightly lower than had been . found at the ,lower cooling rate of so° F. 
per 1econd. but the difference 1118¥ not have been eignificant. Tlle epecimene 
quenched in helium were ex,unined micro1copic1tlly after bein« run t~ice. The 
heat l ,ample contained over 20 per cent bainite deepite the higher quenching 
rate. Heat• 2, 4, and 5 ehowed between land 5 per ~ent bai.nite, b~i almoet 
all of tht1 was at the decarburised eurface, Th1'1• it apptar1 that only in 
the caee of heat 1 11 it likely that the formation of bftin1.te introtuced eeriou• 
error in ,he determination of 111Arteneite trM•formation temperaturea, 

The re1ult1 obtained in all u1able rune are tabulated in Table FI, sum­
marised in Table FII. The M8 temperature, measured by the thermal arre• t are 
in good agreement with the prediction• made before the etart of the experimental 
work (Appendix A). The deviation• which occur may be accounted for on the 
bade of the deviation, of the carbon contents found 1n the check e.nitlyaee from 
the .30 per cent upon which the eatimatea were baaed. An tncres•e ot ,01 

0 . 
per efnt carbon lowera the M1 approx111111.tely 7 F. in the re.ng, · under. consider11-
tion. The preci~on of the Me temperP.ture determin11tion1 for the lower ~lloy 
1teel1 11 perhftp1 * 20° 1., and 11 limited by the preciaion ~1th wh1~h the film 
rec·ord 11 meaeured llnd by the reproducibilit7 of the run•, which 1B l_imited in 
turn by eegregation in the ce.et1ng1 1 In the high-11.lloy 1teel1, the lfllva­
nometer 1ndicft tion of the -M8 arree t 11 not eherp but grad.uftl, l"nd 1 t lecomea 
very difficult to determine juet when the tranaformation begin•• (Compare 
Figure F4, for a high-alloy heat, with Figure r3, for a low-~lloy.) tt hA.1 
not yet been determined whether thte effect 11 due to greater segregation in 
the high-alloy he11t1, to greP-ter decarburization at the high P.ueten1t11ing 
temperaturea used, or to fhe effect of high-alloy content or of high •· 
austen1t11ing temperaturee upon the amount of l!ll'l.rteneite formed per degree 
lovering of the temperature jUAt below the M1 point. In a07 caee. beeeuae 
of the uncertainty a, to the selection ot the "break" on the galvanometer 
reading•, the temperature, given for M1 se determine4 by therme.l ~rreet for 
the higher alloy heat, 1!18.Y be an error by ae much as ·t 50° r. 

The temperature, found for M8 by the dilatometric method Are in all c&1e1 

l. A. B. Greninger, op, cit. 



higher than thoPe found by thermal analysis, averaging Approximately 100° ~. 
higher. Part of this difference ia accounted for by the fact thAt check 
mea1urement1 indicated that the end• of the 2-inch lon~ specimen, uaed were 
aa much Al 45° F. hotter than the midlength At the M1 point. Thua, the tran,­
formation would begin ftt the midlength ~nd would be indicated on the dila­
tometet record, at a time when the temperature averaged over the length "nd 
indic11ted on the record w1111 1omewhat higher. Moreover, with the dilatometei, 
end piece• naibble, it w"'• neceuary to leave Pl. 1houlder .010 incheR thick 
~nd .150 inches in diameter at each end of the 1pecimen1, which va1 1n cont~ot 
with the quarts end piece, and would cool much more elowly than thereat of 
the ,ample. 'l'hia might 1ncr••e the temperature Averaged over the specimen b1 
perhaps 25° F. It 11, therefore, clear that the indication of M1 temperature 
by che d1latometer would be higher and len reliable th11n by the thermal arrett 
mea1urement1. Only the latter are, therefore, given in Teble FII. The M8 and 
Mr points on the dilatometer record tended te be le11 1harp for high-alloy 
(Figure F2) than for low-alloy (figure Fl) 1teelR, but thh effect wu not as 
pronounced•• in the galvanometer curve,. 

The Mr temper~turea had perforce to be obtained from the dil&tometric 
measurement,. The d1latometer 1ndicat1onA were le11 1harp IOir the end then 
for the beginning of the reaction, ,md the precieion of the Mt Tfl!luee wn1 
limited by the uncertainty inherent 1n the choice of the •116 of the reaction 
on the dilatometer record. 1'h11 prec11ion wa, perhaps -t JO 1. for the lover­
alloy heat, Andi:: 50°1. for the higher alloy, 

The 1pectmen shoulders are aomevhat hotter than the re1t of the apecimen 
at the Mr, thua giving a reading aomevhat higher than the true Mr value, while 
the nonun1formit7 of temperature over the gauge length 11 11Mll at the Mf, 
Moreover. it 1hould be noted thllt d1latometer 1md galvP.nometer curvP.a do not 
indicate the very beginning and end of the marteneite tran1formetion, but only 
the pointl l\t which the expanlion or heat evolution accompt1.nying it become neg­
ligible a1 compared with the normal thermal contraction or cooling. Since the 
lllf\rtenfi te tran1formf1.tion on continuous cooling eterte P.bruptly but enda grRd­
uall7, th11 introduce, little error in the Me determination, but the value ob­
obtained for the end of the tran1formation i1 probably higher than the true Mt• 
In addition, 11nce it appear, likel7 that the Mt 11 lover, the lower the cooling 
rate•2, 3 it will be lower for the center of a lt-1nch or heavier plllte, even if 

•At lea1t, th~ per cent of auatenite retained at room temperature 11 greater, 
the lower the cooling rate. 

l. A, Gulyaev: "Transformation of Retained AU1tenite ~t Sub-Zero TemperAturea, 
with High-Alloy Steele". (In Ruaaian), Met~llurg, !!t, (Number 3), 64-71 
(1939). 

2. J. A, Mr.thew,: "Auetenite And Au1tenitic Steele", Tr,-.ne. A,I.M.E,, 1!, 
568-596(1925). 

3. s. S. Steinberg ftnd V, I. Zyu1in: "Tr,-.n1formation of Au1tenite in Pl~in 
Carbon Steele ~nd Some Spec1Al Ste,lt at Low Temperatures". (In Ru111an), 
Metallur,.;, l!, (Number 8), 3-15(1936). 
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contlnuouely wate~-quench1d, than it 11 tor a dilatometer 1pecimen cooled at 
the relati•ely rapid rate u1td. 'l'hut, the value obtained tor Mt in dllatom­
eter mea1urement1 11 almo,t c1rtainly higher than the Mt which will occur in 
full-1ised plate,. The original e1tlmate1 of the Mt temperature, while con-
11derably lower than the mtA1ured t1mp1ratur11, lllf\1 not be a great deal lower 
than the temperature, at which the reaction will end in lt to 6-inch thick 
plat11. 

It might alto be mentioned that eYen it the au1tenite-marten11te reAction 
in a particular 1teel 1nd1 above room temperature, it 11 not certnin t~t no 
aueten1te will be retftine4 at room temperature. There 11 eYid1nce thltt, in 
1ome 1teel1 at leut, the reacpon cea1ee while conlider~bl, quantit1ee ot 
aueten1te remain undecompo11d, 

l. A. Gulyeev, op. cit. 
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TABLE fil 

Summary of Martensite Temperatures 

M
8 

Determined by Thermal Arrest 

Mr Determined Dilatometrically 

1 Heat Ma Mf 
~ i.'.2.J. ~ 

l 690 430 

2 670 44o 

3 640 !,90 

4 6,;o 4oo 

5 690 44o 

6 620 360 

7 610 410 

8 61c; 34o 

9 550 270 

10 550 310 

12 600 370 

13 620 330 

14 580 320 

15 520 290 

16 510 280 

17 590 , 330 

18 570 220 

19 550 220 

20 650 430 

21 460 4o 

22 470 90 
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APPENDIX G 

Small Section Reoulte 
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APPJNDIX G 

&lal.l Section Rom.uts 

As has boon o:x;plainod in the body of this report, it was desired to 
deteroine tho proportios obtained with the various hoa.ts in ai.all sections. 

Two ll/16-inch diauetor, 5-inch long, iopnct blanks froo each heat wore 
given what was considorod the optimu.l troatoont. This consisted of l!llllstani• 
tizing for four houro at tho twpora.ture selected a.s described in Appendix o, 
quenching, cooling to o. tCDperature considered to be certru.nly below tho Mf, 
toupering for four hours o.t epproxicntoly the ta:iperaturo selected e.s explained 
in .Appendix D, end quonching froo tho ta.1poring tEDporo.ture. The 1.I:lpact 
blanks wore placed in previously heated furnaces ond allowed on&-half hour to 
one hour to roach tecpora.turo. Water was used for qua1ching, both froo the 
austenitizing and froo the tqoring tecperature, for heata l, 2, 4, and 5, 
which had low hardenabili ty and wore not considorod likoly to quench-crack, 
and oil was used for the other heats, which it wo.s thought were likely to 
crook. These quenches, it was believed, would entirely prevent the foro!P 
tion of ferrite, poa.rlite and boinito. 

After heats 1 through 6 were quenched fron the austen1 ti zing ter.rperaturo, 
they wore given no cold trea.toant; heats 7 through 10, 17, lS, and 20 were 
cooled to a.pproxioa.tely -100°F. in dry ice and alcohol, while heats 12 through 
l6, 19, and 21 through 25 wore cooled to about -320°F. in liquid nitrogen. 

In ordei· to find out whether retained misteni te w.s likely to be a 
probl8C1, one or two iopact blanks froo heats 7 through_ 22 were given the 
optioun treatment outlined above, except tba.t the colcl,..treatoant was omitted. 
To detel'Llino whother the heats under stu~ are susceptible to tel:lper-eJJbrit­
tlecent, one or two blanks !roe ea.ch heat wore given the optitnm treatment, 
including su.b-zoro cooling where spooifiocli, but were furnace-cooled instead 
of quenched froo tho teopering tqernture. 

It is difficult to oo.tch the air-cooling of o. heo.vy plate with a small 
specicon, so no del~ed,.quenches were ca.de on the inpac~ blanks. Aa a sub-
sti tute, quenches stepped a.t 1000•1. were used. Two ~o.ct blanks fr0t1 heat 6, 
a }-inch plate, and froo each of hon.ta 10, 12 and 17 (6:-inch plates) were 
quenched into aoltan salt o.t J.000°F. and then into oil at rooc tecporature. 
Tho tioe at 1000•1. wa.s chosen a.s. sor.iewhat oore than tlle estioe.ted tiae for 
a. full-sized plate to cool froo the oustenitizing tecpere.ture to 1000°1., 
being 115 Llinutes for heat 6 and 90 I:1inutes for heats 10, l2, and 17. The 
sub,.1ero cooling, the tecporing end the cooling froo tho teq,er were the 
saco as those used in the optiilw:l trontoon t. 

After heat-trea.trJent, two standard .394 inch squ.nre Charpy bars, having 
a V-notch vi th .010 inch bo.so radius, wore uachined froo each icpo.ct blank. 
Where two icpact blanks froc a heat had received identical heat-treatments, 
the Oharp7 bare froo one wero broken ot -~°F. and those froc the other a.t 
room tecpero.ture. Where a heat-treatnent was represe.'1.ted by a single iopo.ct 
blank, the Oharpy bars cut fr0t1 it were tested o.t -~°F. 

10 



The results obtained lll"e givon in detail in Tables GI, GIi, and GUI 
ond SUCLlarized in the boey of tlus report. The syotED used for rating 
fractures i e given in !l'o.ble GIV. 

It will bo noted that tho blonks froo :100.ts 3, 6, 10, 18, 19, and 20 
wore retroated beforo test. This was necessary because the original ta::iper­
ing tm:iparaturo was based upon the results obtained with ta::ipor bars that 
ware not ground sufficiently to remove all deca.rburizecl surface before their 
hardnesseo were neasured. (Soe Appendix D.) As a. result, the impo.ct blaru-:s 
wore too herd after tho original hoat-troatnant. When the trouble wo.s 
detoctecl, new teoper bars were run ond tho iopo.ct bllM"lks requenched ond 
tei:rpered at the toopering ter.lperatures found with these new bars. 

Heat 19 was tho first heat in which difficulty was encountered in 
softening the quenched steel to Rockwell C 26. ~e L·.tpa.ct blanks were 
requenched ancl reteoperod twice in on effort to obtain r,iinilluo hardness 
without exceeding the Ao1 tauparo.ture on the draw. 

Heat 9 was requ.enched ond reteupered boca.uee the furnace was accidentally 
turned off during the ori~inal tocpering cycle. 

On heats 7 e.nd S, thoro wo.s sooe confusion, contradictory results being 
obtained on repetition of the teuper bar r ·:ms. It is possible that a gro~ 
of these bars was not properly quencl1od. Ao a. resu.lt. tho iopact blanks 
were first thought to be too 1:v.rcl 0.'1.d wore retreated, but after oo.chining 
were then found too soft, so o. now set of blanks were obtained and treated. 
On heat 9, tho Charpy apecioens wore also fo-w.d too soft, perhaps for the 
saoe reason, and a aecond set was taken froo this heat also. 

The Charpy values fotmd on heat 23, even with tho optiouc treataent, 
were abnomal~ low. The Ac1 teopera.ture oight have been exceeded in 
tqering the specinons of this heat. A new set of blnnks was, therefore, 
obtained and trea.ted, using a. t8lill)aring tec,pera.ture 5°F. lower. The er.err;/ 
absorption obtained with the optiDWl trea.toont itlproved but was · still low • . 
The poor iopact property values :tO'Wl.d a.re probably associated with the con,. 
choidal fra.cturesl,2,3 that occurred with varyil18 severity in al.Dost all 
Charpy bars froo hea.t 23. Most of tho Charpy bars tested were slightly 
(perhaps .002 inch) out of square, but it is not believed that this affected 
the results. 

A nooino.l vnria.tion of± 5°1. froo the predicted ta:iperatures of 
~end.ix I> wo.s allowed to facilitate schedul1Dc of the heat trentoent. 
However, fluctuations and errors of tecperature control in tho various 
furnaces that had to be used for t<r.1pering wore undoubtedly greater. 

l. G. W • .Austin; "Burnt Alloy Steels". Iron and Steel Institute, Alloy 
Steels Reooorch Council, First Report, 189-211 (1936). 

2. A. lmrlich; "Effects of the Conchoidal Fro.cture upon the Pb1sical and 
Metallurgical Chn.ro.ctoristics of Cnst .i\rnor"• \'To.terto'Wl'l Arsenal 
Lnbora.tory Report, WAL 710/413. 1943. 

3. C. Lorig, G. K. Manning, i~. R. Elsea, end P. s. Rosenthal; 111inlll Report 
on Ioprovecent of Low-Alloy Amor Steels. Pa.rt VII - Causes o:t Inter­
granular hacture in Ce.st J:.roor Plate". National Defmiae Roaeo.roh 
Cocoittee, Report M-286. Waterto'Wl'l Arsenal Report 710/446-13. l9lf4,, 
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TABLE GlI 

IM=ACT RESU..lS OF SPECIMENS AIR CXXl..ED FROv1 TEMF£R IN 1
11 

ROUNDS 

HEAi' 
NO. 

12 

OIL QUENCt£O All() CXXl..ED TO INDICATED TEMPER-

R 
Tm'. o, 
COQUNI 

25.5 ~.5 25.0 -320•F .. . 
2~-- 2~ j5~' ·-1 

25.2 
26.8 Fe 23.5 23.5 23.5 / -3?0•F 
22.2 Fe 
24.5 Fe 

2.5.0 24.5 23.5 t 
23.9 

20.8 Fe 30.5 31.0 30.0 · -320•F -- --- --- ·-· -
. .. __ _ _ _____ ___ . 21.5 . Fe 30.5 31.5 31.0 : . - . 

21.2 

- - 1 l 
I 

27.3 . Fe 30.5 ?9.5 _2~5 L ::- 3~0-F 

- - - -·- · I - - - I -- - • ·- . 
. -~~- Fe . ~-• ·.5 . ~_._o ___ _ ~ 9.5 . . _ ___ _ 

27.0 Fe 30.3 
43.7 __ J Fe ___ 28.5 28.0 !9,Q_ - ~ _.@_ _ r::C? , ~~ 27.5 27.5 -3eo-F 

.4 ~e i1,5 28.5 27._5 _ ~,.1 ____ F.~ 121.5 27.5 28.0 . __ _ _ 
42.1 I Fe. ' 28.0 37.5 · Fe ; 28.0 

·---i--- ~- ---- -· --~:--- =~! ::·.~ ~::: .~K>O-F 

1 6i.4 F 1 24.1 

. 25~-- ~ - -- _ ;~(?.5 31.5 __ 3~--~ f- ~5.~ . ~ ~_2.0 _31.5 _ 30~ . --:-3~F 

2i.6 +-· ~30-~ . .5l.5_ ~l-5+ 18'.9 -jle-, 29. ! 31.5 30.5 
25 .1 31.1 II. I . Fe. 

22:?. __ __ _ 129.5 3:1.5 ~8.5 _(_ 22'..0 . , fe _29:5 29.5 30.0 -320•F 

26.4 ~ t. ~Q,_O 29.5 29.~ -~ 18.5 _ : Fe : 29.0 _ 29. 5 2~,o . 
24.3 ! FC 2Q6 1 20.3 ' Fe , 29.6 ~ -. et_

1
26.s 2ls 26._~ _1 _ _.~.s _ _ 1 _ : ?_6.5_ 2-1.~ ~:0 __ ::-3_?_Q~1: 

19.4 ~f 26.5 27.5 28.5 , 7. 7 1 Cib 2?0 28.5 28.0 ··--- - - i- - ·r · - - ·t-- ··- -•· . ·-- ,- -·- ---- . -· .... --·- - -·-
.VAWD i ,\ 
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TABLE GllI 

IWPACT RESULTS OF STEPPED QUENCHED SPECII\ENS 

IIIAT 
NO. 

6a 

AYf.. 

IOa 

XX-IIINDIIITIG 

STEPPED QUENCt£D NJD COOLED TO INDICATED 

F. _ _ 2Z5 2?5 40.2 F. 26.5 ~ __ go::_+:=-= TEMP. 
28.0 27.5 40.4 F. 2&0 H.5 2l5 --+---'----- ---- - - --- - - - ·· · - · - -- ·-- - - ·- -- --- - --- --

27.0 403 2'7.0 
f 
F. 

4l5 F. 2l5 2l5 4 4.1 F. ; 26.5 26.5 25.5 

45.4 F. 
46.5 F. 

-- __ T _ __ _____ _ 
27.5 2'7.5 44.2 . ~-1_2~Q_ _g6.5 --_27.~--+-- - -----t 

26. 1 44.2 r 267 
54.7 F. .0 .0 34.5 f 26.0 2&5 25.5 

··- -------- ···- - - - --· ·- -·--
52.8 F. 
5U f 

2IIO 265 26.5 36.6 -~!+~_Q 26.5 -~Q_ - -
26.2 35.6 f 26.2 ---------

58.2 f 1---"'---+--=23=.o=-_23.Q 23.0 -~-- .!__ 2U -~Q. 25.5 -~F 
58.4 F. 23.5 24.0 25.5 60.2 F. 25.5 218.5 21D 

--- ----- -- -. - - - ·- --- - -- -- --- - ·- .. ----
5&3 F. 24.3 57. 9 F. 24.3 
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TABLE GIV 

Standard Types of Notched Bar Ia;pact Fractures 

SiMBOL 

F 

s 

Fe 

Odf 

Cbf 

Od 

Cb 

DESCRIPTION 

Fibrous 

Silky (generally encountered 
with steels of high 
hardness) 

Fibrous oatrix with spots of 
orystal.lini ty 

Dull crystal.lino patch w.r­
rounded by fibrous border 

Bright cryatolline patch su.r• 
rounded by fibrous border 

lhll crystalline (complete) 

Bright cryatalline (cooplete) 

Note l: Additional taros such 0.11 dondritic, conchoidal, 
eto., usod to describe tho fractures, should be 
wri tton out in full following the fracture t7Pe 
~bol. 

Note 2: If it is desired to esticate the relo.tive aoounts 
of fibrous and cryeto.l.line ourface area.a, a frac­
tion will bo plo.ced following the fracture aynbol. 
Thia fraction will refer to the estioo.tod surface 
area which 1 s crystalline. 
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APPENDIX H 

Large Section Results 

I. Preparation of Plates for Heat Treatment 

Three 1.9 inch dia~eter cylindrical sections were welded into 2,0 inch 
diameter holes drilled in the 3 inch and 6 inch thick plates and one 0.95 inch 
diameter round was welded into a 1,0 inch diameter hole drilled in the 6 inch 
plates, The purpose of tho 1.9 inch diameter inserts was to reduce the number 
of heat treatments to one t hird that would otherwise be required. After the 
quenching of the plate ancl the removal of the inserts, each insert was tompored 
differently: one was cooled to a predetermined subatmosphoric temperature for 
tho purpose of transforming any retained austonite which might bo present to 
martonsite, one was atop-tempered at 6oo° F. for tho purpose of transforming 
retained a'l.8tenite to low-temperature bainite, and the third was tempered 
directly to obtain a hardness of Rockwell C 26. The other two insert bars 
were also tempered to approximately this hardness after the preliminary treat­
ment. 

The 0.95 inch diameter insert was usod to determine tho nature of the 
austenito decomposition products and the hardnesses produced by the cooli!l€ 
rates prevalent in 6 inch thick sections. This insert was not given any 
tcr.1pering or cold treatment. 

The problen arose of designing a method of sealing the inserts in the 
3-and-6-inch plates, so that no leakage of water could occur upon quenching, 
it being necessary to confine the heat extraction to tho ends of the inse~ts. 
Shallow penetration welds using both forritic and 18 Cr-8-Ni welding oloc­
trodos wore found inadequate for the purpose. Tho mothod finally selected 
is illustrated in Figure HI, which shows the dotaila of the welding soquonco, 
dimensions, and the gap between tho inserts and tho plates. Tho air gap or 
discontinuity in motal botweon the insert and the plate effoctivcly reduoos 
the hoat transfer from the insert parallel to. the plate so that the coo1'.ng 
rates of the inserts approxima.to those of infinite plntes. A 45° countersink 
was !!la.do to a depth of 1/2 inch at each end of the holes into which the inserts 
arc welded. All plates were preheated· to sorno tor.iperaturo in the range of 
500-700° F-, by monns of a propane torch and tho inserts welded into potit1on 
by mult!plo-bead deposits of 25 Cr-20 Ni wold rod. Loakago did occur, however, 
in naa7 inetancos upon quenching of tho 6-inch thick plates. Tho conseijuencos 
of such leakage will be discussed later. Inserts around which no le~ge 
occurrod wore used for the subatmospheric cooling treatrnont in order tq estab­
lish tho optimum hardonability characteristic& of the various heats. 

II. Schedule of Heat Treatments 

The 23 plates, representing the 21 heats numbered l through 22 with 
the omission of heat 11, were directly quenched into water from tho 8j.l&ten­
itizing temperatures, The plates were removed from tho water whon t~e ambiont 
tompernturo wae reached, nnd thon subjected to tho treatment& liatod in Table XII, 
Part A, which 1s a part of Section nI nftbobody of the report. 

After the cor.tpletion of the above treatments, some of the plates wore 
heat treated by delayed and intorrupted quenches after new inserts had boon 
welded into them. These treatments are outlined in Table XII,Part ?. Other 
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~latos wore quonched nnd tor.ipored with tho inserts in position to dotorminc 
if the cooling rates obtained by water quenching 6 inch thick sections aro 
aufficicntly rapid to avoid temper embrittlemont. 

Bccauso plate Number 10 quench-cracked sovoroly upon being directly 
quenched from tho austenitizing tor.iperature, plate Numbor 11 was used for 
the hcnt-troatment of the additional inserts from plate Number 10. Plate 
Nunbcr 11 diffored only slightly in chemical analysis from plnto Number 10, 
consequently tho substitution should have no approciablo effect upon the 
re sults. 

Tho inserts from plates Nw:ibors 7, S, and 9 wero heat troated in plate 
Number 12 in an attempt to find the lower limit of the alloy content necessEI.I'y 
for ~~taining the samo properties in a 6-inch section that were obtained in 
sr.m.11 sections, becauso all of tho 6-inch plates made for t~e experimental 
progrM wore found to be capable of accomplishing this ond. Details of the 
quenching and tor.iporing treatr.ionts given each plate and insert a.re containod 
in Table H-I . 

III. Heat Treating Eg.uipmant 

The plates wore heated to the hardening ter.iper~turos in a gas-fired 
hearth furnace. The plates were charged into tho cold furnace and carie up 
to ter.ipera ture with tho furnace in opproxim tely 3 hours. Aft or being held 
at tcr.iperaturo for 4 to 6 hours, tho plates woro removed and quenched in tho 
vertical position. The quenching tank consisted 0f a cylindricnl unit 12 foot 
deep and 5 feet in dia.metor, hav.ing a capacity of 1700 gallons. A flow of 
approxiJ:1atoly 450 go.llons/minute was maintained dutlng every quench conducted, 
tho wator entering at tho bottoc and risine in~ spiral strea~ to overflow into 
tho outlot at tho top of tho tank. Tho water ter.iperaturo reoainod in the 
range of 55° F. to 65° F. during the entire tine that the heat-treatr.tents 
were being conducted •. The plates were quenched individually nnd imorsod 
ton depth of rq,proxiDately 6 feet below tho surface. 

Tho plates wore not ror.iovod fro~ tho quonching tank until thoy were 
cold to the touch. Tho length of tine requirod to cool tho plates fron their 
austonitizing tonper~turcs to the anbiont ter.iporatures were as follows: 

Tine to Cool to 
Plato Thickness Water Ter.iper a turo, 

Inchos Minutes 

1-1/2 6 

3 10-14 

6 4o 

After boing quenched, tho 1-1/2 inch thick plates wore teq,ored in a 
gas-firod haarth furnaco. Tho inserta welded into the 3- inch and 6 inch thick 
plates wore renovod by boing pu1hed out undor a 4oo ton, stea.m,,.powered press. 
Betwoon 100 and 150 tone pre11ure w•• required to cause shear failure of the 
wolds. The inserts which wore cooled to -75° C. (-100° r.) wore iccersed in 
a. nixture of solid carbon dioxide and acetone, whereas . those cooled to -190° C. 
(-310° F.) were imiersod in liquid nitrogen. Tho insert, were r.iaintained at 
ter.rpora.turo for a niniDW!I tiJ:1e of 10 ttinutee. Tho inserts were generally 
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cooled to below roon ter.rperature within two hours after being quonched. 
The effect of aging at roor.i tor.ipornture prior to subatno9'.!'heric cooling 
upon the transformtion characteristics of austenitf in tho alloy steola 
under consideration is uncertain. Cohen and Gordon have found. that, in hi~ 
speed steel, aging at rooo to::ipcrature, although loworine tho ter.iperaturo at 
which austonite transfol'tlation bogins, does not depress the ter.iperaturo of 
cor.ipletion of the transfornation. If the 110..':lo phenocenon holds for lower­
allo7 stools, then the aging at roon ter.iperaturo prior to subatr.10spheric cool­
inc ~hould not affect tho roaul ts, because the 1ubatr.10 spheric tooperatures 
wore, in all caaes, lower than the Mt- tocporaturos. 

Tho inserts which were step-ter.,pored at 6oo0 r. wore placed inn 6Kll 
Lindberg Cyclone tecporing furnace and then given the finish tecper in a 12 
K\'l Lind"Jerg Cyclone tecpering furnace, if the tecpering temperature was below 
1225° F., or in a 24 KW Lindberg box-type furJW.co, if the tenpcrine was 1225° 
F. or higher. The inserts were tor.iperod for 4 hours at tor.1poraturc, and gen~ 
ernlly required 1 hour to reach tho tocpering ter.iperatures. 

IV. Irmo.ct Test9 

· Four V-notch Charpy ir.,pact bars were nachinod fron the nidsoction of 
enc.~ of tho 1-1/2 inch plates, and fron the niddle of each 1.90 inch dianetor 
insort bar in the 3 inch and 6 inch thick plates and were notched so that the 
bnscs of the notches corrosr,onded to tho ni~section of the plates and inserts. 
Two wore tested. at roon tor.lJ)erature an~. two at. -4o° F. Tho frncturod surfaces 
of the inpnct bars were rated in accor~..ancc with tho eta.ndnrd nocenclature 
listed in Table G II, .lppenc~ix G. Throe Rockwell C hardness readings were 
r.ia.c1.o on each Charpy bar a.f tor it hac1. been broken. Tho individual values of 
the Ch,.".l'py ir.ipact results, hardness readings and frncturo ra.tinr,s are con­
tninc~ in Tables H II ann H III. 

The effect of loakago of wnter into tho B!)acos betweon tho bolos And 
tho inserts was of grave concern eince it could not be readily detorninod what 
effoct tho lealco.~e had upon tho coolin; rnte and the trnnsfornation durinc 
quonching. No difficulties wore oxr,orienced in tht cneo of the 3 inch thick 
plr.i.tes; all inserts upon renov,-.1 ha~. cloM bright aurf!'.ces inr'.icntini:; con­
plotoly air-and-wa.ter-tight closures during and after quenching. All tho 
wold-crackinc difficulties wore confined to tho 6 inch plates. However, at 
least one, ann in J:!BnY cases two of the insorts in tho 6 inch plntos sh~wed 
no evidence of leakage, Md consequently tho tra.nsfornation chro-acteristics 
could bo doter~ined fro~ tho results obtained on tho inserts which did not 
leak. It wa1 detercined subsoqu~ntly thnt the leakage did not J:1S.terially 
affect tho roaults, becll\118 the hipact values obtained on tho inserts which 
did show siGftS of leakago woro oxa.ctly in lino with tho oxpoctations baaed 
upon loc;ical con1ideratione and upon the results obtained when no leakat;e 
occurred. The leRk&go apparently occurred late in the quenching operation, 
at which tine any change in the coolinc rate occasioned b7 leakage could not 
affect tho nuatenite doco?l!>osition to bainito. It is quite possible, however, 

1. P. Gordon and M. Cohon: 
"Tho Tranefomation of Retained Auatenito In High-Speed Stoel at 
SUbatno9t>horic Tocporature,." Tran,. A, S. M,, JQ., (Nunbor 3), 
569-587 (S8!:)tecber, 1942). 
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that the degree of cor.:pletion of the austenite decor.1position to J:18.l"tensite 
was affected by the lealr-B.t;e, The discrepancy between the retain~d austenite 
effect observed in the snall sections a.nd the relatively negligible effect 
observed in the full sized section results r.,ay be, in nany cases, traced to 
the effects of the loak~e, which ney have caused a oore cocplete transfor­
!'.ll'.ti o~ to nartonsito than w~uld othorwiso havo occurred. In addition, tho 
r:1Uch lower heatine rates ,f the 1.90 inch dianetor insorts during tor.ipering 
as cor.tpared to those of ll/16 inch diMotor rounds cay ho.ve aided in the trn.."ls­
fornE1.tion of austonito to tho lower ter.iporaturo baini tos which have sn.tisfac­
tory ir.tpact ~roporties. 

V. Microscoric Surveys of Inserts 

The 0.95 inch inserts which wore quenched. in the 6 inch plates wore grounc1. 
and polished and subjected to oicroscopic exanination in accordance with tho 
technique doscribod in Ap,ondix E. Rockwell C hnr,clnoss surveys ware also nnde 
alonb ground flats to detcrnino the variation in hardness through the cross 
section of tho 6 inch plates rroducod by quenching. In essence, tho 0.95 inch 
inserts provided data which is an extension of the data obtainable fron the 
standard Jooiny hardenability test to slower co0ling rates than are obtained 
in the air cooled end of tho Jooiny test spocinon. 

No hardenabili ty inserts were n~coesary in tho 3 inch plates because the 
cooling rate in tho center of a wator-~uonchod 3 inch plate corresponds to 
that occurring at approxilll\tely 1-1/2 inches fror.1 tho water quenched end of 
tho Joniny bar, henca the 1U1ount of transfornation products other thn.n narten­
site present in tho niddlo of n 3 inch plate can be predicted fron an cxa.nina­
tion of tho Joniny ba.r. The center cooling rate of n 1-1/2 inch thick plato 
upon wat~r quonching is equivalent to thnt at 1/2 inch fro~ the water quenched 
ond of the Joniny bar. 

Hard.ne11 travorsos of the 0.95 inch inserts a.re contained in Table HIV, 
Exnnination of these results indicate, that in no co.ses did the hardness c1,ecroaso 
through tho cross section. 

The results of the ~icroscopic CXll.T.linRtion of the 0.95 inch inserts are 
sun.".'113.rized in Table H V. Intoraodiate ter.iporaturo transforr.intion products were 
foun~ only in the inserts free hoats 9, 10, e.nd 20. Structures which h~vo boen 
identified as tel'.1J)erod r.iartonsite (sec appendix E) wore observed in all inserts 
escept those from boats 21 and 22. 

VI. 9}lench-Cracking 

No quonch-cracking wns experienced in the direct quonchinc of either 
tho 1-1/2 inch or the 3 inch plate,. Quench-cracking ,.Hd ocCUl in several ot 
tho 6 inch plates. Figure H2 contains drawings of nll plntos which qucnch­
crackod., 11114 shows the locations of all crack,. It will be noted that, excO!'t 
in the co.see of platos nw:tberod 10, lS, 21 and 22, tho cracking is confined 
to the projecting shrink head anc to the side of tho plate, itu:1t>diately under 
the projecting shrink head. An oxtonaive ar.1ount of shrink£l&e poroai ty was 
evidont at tho re-entrant angle between the plate and the projection, and it 
was this extensive network of porosity which wae obviously reeponaible tor 
the quench-cracking occurrin.; in thie rogion. PlatH nw:tbered 21 ancl 22 quench­
cra.cked eGTeroJ.y upon boing quenched col4, but theee platos contain 0.39 per 
cont and 0.375 per cent carbon ro11pectivel7, in ~4ition to being very high 
in both nickol 11114 chromws. Plate luDber 18 contains 0.34 per cent c.,bon a¢: 
plate lw:sber 10, 0.32 pll' cent car'bon. Qu•ch-craaking ii thue oont'ined to tho 
hidier car'ltoa uah. 
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TABLE HII (Continued} 

Asterisks a.tto.chod to Fr3.cture Ra.tinga have following 

oeaning: 

• - Severe shrinkacgo. 

•• - Dondritic fracture. 
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TABLE H IV 

H.ARDNESS RESULTS Oli MICRO-INSERT BARS 

Distn.nce fr~,n Center (Inches) 
Heo. t ~onch· 2~ 2 li 1 1/2 1/4 0 0 1/4 1/2 1 11 2 2.l 

2 
< 

4~ ~ 4}!, 44,!; 441 45½ 45 4~ 45!. 45½ 4~ 46 47 48 
9 D:1.re!ct 4s- 49 4s; 4g2 49

2 49'-' 48½ 48 4s-! 49
2 

49" 49 49 49½ 
2 

10 Del2ycd 5½ 52½ 521 511 52i 53 52}; 53¥ 53f 52J; 52½ 53-~ 52~ 5JL 
54 53 53! 52! 532 53~ 54., 532 53 5½ 53 54 5½ 53 

12 Direct ~~ 49~ 4S 49½ 52}. ~ti ~~! 4gt 471 48-! 49 50 4~t 49.l 
50! 51l 51: 

f 51½ 5% 5~ t 
49-2 r, r, 522 5% 5% 50f 

13 Direct 4$-!; 49t 4s 4n 47 4~ 
471. 4~ 4~ 47 47} 4Q 4s 47{ 

f 47-1 47! 46 46 4 2 42! 42½ 41i 47½ 48-t 492 
·-

43-z 432 46½ "' 
,;, 

13 
.Inter- 46 47 46 4~ 46l; 4~ 461- 47} 4~ 4~ 46½ 47.!; 47 471 
rupted 47 4H 47 47~ 4( 47" 4~ 4~ 4G; 4 2 45 46" 47 4~ 

14 Direct 48} ~ 4s 415}; 47} 47; ~ij 1~6½ 4~ 47i 471 ~ 4S ~ 
492 ~ 471 ~ 47 47 47! 4( 462 41! 46½ 471 

15 Direct ~ ~ ~ 45! 481 49~ ~ ~ 48 49 49 50 511 

~ 4~ 49! 49; 49 ~ 4$½ 49½ 50-} 5ol ?, 

16 Direct ~~ 49 ~ 41 ~ ~~ ~~ 4~ 44! 45t 44,!; 45-t 4~~ 47.;i._ 
49-} 47 46t 45-} 45l 50 t 

2 462 47-;1 50-2 
Dol~cd 50 48½ 49½ ~ ~: 4S ~~ 48-! 49 49 46! 50 5, 49} 16 & Inter-
rupted 49i 50 51 49 so! 50½ 49½ 50 49 49 4% 

17 Direct 4~ 4s 4g 47 ~ 4~ 4~ 47 47 ·, 47 4@; 47-;, 45½ 45t 
46

2 

48! 4~} 46½ 47! 472 47 47i 47-t 47 ~ 4s-J 4f4 50 2 

rn Direct §~ 5j 54 54 53! 5~ 5~ 54 53½ 53½ 54.\ 54!: 
5.½ 5~ 5~ 514½ 5% 54! 5% 54! 55 54-1 54½ 5~ 54: 

19 Direct 5~ 5~ 54½ §q 55½ 5~ 55½ 55-~ 541 54-l 5½ 54t r, 

54~ 54½ 5~ 54! 5~ 5~ 5~ 5~ 54½ 54! 55 5~ 54½ 

20 Direct 47 50 50f? 49½ 47 46 50 46 4~ 46-b 46! 50 47-; 47 
49 50 §a; 51! 51 51 52{ 5% 51 50 51 511 52 51-t 

I 21 Direct §~ 5~ 54! 55t 53-} §~ ~~ 53} 5j 55 55 5~ 56 55?:, 
56! 55- 56l2 56 56! 5~ 55 56! 56½ 551! 56-! 

5~ 58 §a 51 57 57.1 57½ 56± 57 §n 5ij 57 §~ 56f 
22 Direct 57 57i 57 5H 57! 59 5s 56 5s 57~ 57t 
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£1 sr. 
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10 

20 

Y.I Cil0S1'RUC1'0B.AL SURffl or Ilf Sill! BARS 
OOMWNING iMiikim.A.H •~oif'H'omCT 

Per Cent Intemcr..h.te Tre.r.1fornat1on 
Product at Indics.tol Di!.t Pnces in 

t- ... Sixteenthg o! an Inc~'. fror:; C) 

t ,p 
Con tcr of full Soctfons. a:, ... ... 

6> ~ 
19 1•- 11 e l~ 0 4 r, ll 15 19 

l - 15 r.: - - 5 - - 5 - r:; 
., ., 

2 - - 5 - - - - - 5 10 -
3 - - - - 5 5 - -I - - -

.A.verar,e - 5 3 - ?. 3 " C 3 3 2 .. . 
·- --- -- ~ - -- - ·•--

l - - - - - - - - - - -
2 - - - - - - - - - - -
3 - - - - 5 - - - - - -

·:- --~-r--···--=- -- - ·- - ·- . -
Averar:e 2 - - - - - -

·--- ·---- -- - -
' 

1 10 15 is 15 ?O 5 5 - r:; 5 5 .. • 
-- - -- - - ----- _ .. -- --·- ---

2 5 10 5 10 10 l i:; 10 ., 10 - 10 

3 25 15 ~ 10 5 l 10 10 - 1'5 ~5 

.Averaee 15 15 15 10 10 2 5 5 5 5 15 

• lo other 6 inc:1 he .. h contain intemodiP..te tr:J.l".oi'Qrnn.tio!'l. 
nroduct. Struc+;ure of these steels, hcw~vor, r.~.011s terr. ,er­
i~~ effect exc~t 21-22. 
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