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Watertown Arsenal Laboratory 
Uemorandum Report WAL 322/2. 
Problem Number H-1.4 1 July 1944 

T.EXPER-BR!TTLENESS IN A JlANO-ANES£-NICKEL­
CHRCU!UV.-UCLYBDE: Nl.i1,: ArulCR STEEL. 

oT\C . 
ELECTEr, 

ABSTRACT 

SEP 1 4 1981 IJ 

It was observed by the Armor Section of the Labora­

tory that one manufacturer of rolled armor using a man­

ganese-nickel-chromium-molybdenum steal for two and one 

half inch to four-inch plates was obtaining mottled 

(partly fibrous and partly crystalline) fractures, pos­

sibly indicative of low toughness, when the heats con­

tained high percentages of manganese .and chromium, but 

were fibrous when the percentages were low. Tha pur­

pose, ot the axperiments discussed in this report was to 

determine tha cause of this anomalous bahavicr. Small 

specimens taken from one haat of this type of st3al were 

variously heat-treated, machined into OhRrpy specimens 

and tdsted at - -40° F. Examination of the impact results 

indicates th~t ~his steal is suscaptibls to tempar-brit­

tleness. The results are in complete ~graemant with the 

early fundamental work or Greaves nnd his collaborators 
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as to the nature o.t th11 phenomenon. It tempered above 

about 1100° r. 1 armor ma4e trom thls steel mu1t be 

quenohed trom the tempering temperature to avol4 embrit­

tlement. It it 11 to be used for 1eot10n1 above about s1x 

1nohe11 evien water-quenoh1.ng from the temper ls not like­

ly to be severe enough to prevent the embrltt1111ent. At 

lower tempering temperature• (harc!fte•s above about 330 

Brlnell), no praotloal method ot ••l4lng the embrlltl•• 

ment hae yet beeR pNpo1e4 tor elheP than ••Pf thln 1eo­

tlon1. 

In exam1n1ng th! propert1e1 ot steel• ma4e by one 

of the rolled-armor manutaotur•rs, l t wa1 found that when 

the manganc,s• and chromium oontant1 were on the h1gh 114• 

ot the a1m analysis, mottled or sp~okled* traotures were 

observed 1n th1 traoture test. The cause ot thi1 behav­

ior was not understood and th• Phy11oal ietallurgy Sec­

tlon of the Laborator, was reque1ted by the Armor Seo­

tlon to 1nvestlgate the properties of 1peolmen1 taken from 

a plate ot thl1 typ1 of analy111. 

It was believed that there were only two pJl-,!nomena 

- - -•Des1gnated-Fo type-or traoture-1n the Watertown - - -
Ar1~nal Laboratory system of ola~s1f1oat1on. 
See 'l'able II. 
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which could cause nonfibrous fractures (lowered notched­

bar-impact energies) when tha analyses were on tha high 

side, while fibrous fracturas were being obtained with 

lower alloy heats. Increaqss in alloying alamsnts, par­

ticularly manganasa and chromium, will dapress the mar­

tansita transformation range and may result in tha re­

tention or austenite at room temperature. This retained 

austenite may transform upon tampering to soma isothermal 

product, the exact nature of which will ba governed by 

the tempering cycle employjd 4nd the transformation char­

acteristics or the steel. For example, if th1s _retained 

austenite transforms to pearlite upon temparing, it is 

axpaoted that the notched-bar-1mpnct energy will be less 

than that obta1nJd if the structure were entirely tem­

pered martans1te. Whether or not retention ot austen1t"'e 

occurs and has an effact can easily be daterm1ned exper­

imentally by cooling specimens to a low temperature fol­

lowing quanoh1ng end then tampering, and comparing the 

impact energies with specimens quenched only to room tem­

perature (and tempered). 

Tamper-brittleness could also cause lowered impact 

energy with increasing nlloy content. Much exper1manial 

work was performed and .many papers written oonoern1ng 

this phanomanon just ~fter the lnst w~r. Tha fundamental 
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referanoes are those of Greaves and his oollaborators1 ' 2• 
3 • ~ based on experiments performad at Woolwioh Arsenal 

on staals which ware presumably usad for guns. Some at­

tantion was given to this phanomanon betwaen the two ~-,rs, 

but primarily by Japansse5• 61 7, and German8• 9, and 
10 11 Russian investigators. Racantly Lorig and oo-workars 

in an N. D.R. C. report described results of experim~nts 

with savdral armor steals. Thase results are 1n esgen­

tial agreament with tha early work of Graaves and his co­

workers. Ths general na1Ure of tampdl'- brittleness is fair­

ly wall understood, primarily as a result of the fundamen­

tal work of Graavas. Carpenter and Robertson12 have sum­

marized this lnfonnation in thelr gan~ral d1saussion on 

the classification of staels. 

In general, the relation of the impact anergy of 

steels with tempering temparature (or hardness) cr~n be of 

thrae types. Firstly, there 1s the behavior of non-

·tamper-br1ttle steels, the impact enargy of which in­

creasa! continuously with tempering tamperatura•, This 

relation is illustratad as Curve l in Figure 1. The 

second type of relation 1s characterized by tampar• 

brittle steels which are cooled r~pidly from· the 

tempering tampar~ture (Curve B, Figure 1). As ths tern-
, ,, 

- - -*This-discu~sion rs-conoarnad-w1th ste3ls- - - - -
quenchad to martansite bafora tampering. 
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pering temperature is increased, the impact energy tirst 

rises slightly, then decreases, then rises again. It, 

however, a tempar-brittle steal is slowly cooled follow-

ing tamp-~ring, tha third relation betwaen impact energy 

and tampering temperature results. This relation 1s il­

lustratad as Cur·va C in Figure 1. Below about eoo° F., 

the impact energy is independent ot the rate ot cooling 

trom the tempering tamperature.. lbove about 800° F., the 

impact energy risas with cooling rata, the slowar the cool­

ing trom tha temper, tha lower the 1mpaot energy. The high­

er the tempering temperature, the greater is the ditterenoe 

between the impact energies ot rapidly and slowly cooled 

specimens. The magnitude ot the valley betwaan about 400° 

F. and 800° F. and tha magnitude ot the etf'eot ot slow cool­

ing trom the tampering temperature will depend upon the 

composition ot the steel. Greaves and Jones4 pointed out 

that any steel showing a ditfsrsnoe in impact energy be­

tween rapidly and slowly cooled specimens following tem­

pering at a high temparature will be oharactar1zad by a 

relation betwaen impact energy and tempering temperature 

as illustratad by Curve Bot Figure 1 when quenched trom 

tl'le temper. Thesa same t•Ro inrastigators concluded that 

manganese, niokal, chromium, and vanadium had a potent 

ettect in incre~sing the susceptibility to temper-
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brittleness. However, they also found that molybdenum 

would oure the malady in nickel-chromium steels containing 

low percentages of manganese, but only reduce the suscep­

tibility in high manganese steels. Generally spaak1ng, 

it appears that the higher the ovar-all hardanabil1;ty 

(unless 1t is obtained with increasing oarbo~ oontant), 

the 1 es s likely 1 s molybdenum to oure the d1f f 1 cul ty. 

As will be pointed out in a subsequent report~~, 11 the 
' hardenab1lity of a manganese-nickel, chromium ·steel 1s 

sufficient to develop martens1te on quenching in seQtions 

thicker than about three inches, molybdenum will not com­

pletely eliminate the susceptibility to this type o·t 

brittleness. Early investigations also indicate that 

steel~aking practice affects this susoept1bil1ty. The 

interpretation of the temper-brittleness phenomenon 1s 

that, in susceptible steels, there is some constituent 

present, the solubility of wh1oh increases with 1ncreas-

1ng temperature. In the temperature range between 400° F. 

and 800° F., the solub111ty 1s low enough 9.11d the diffusion 

rate is sufficient to ca.use precipitation from the super­

sa.tur9.ted solution nnd embr1 ttlement. Above a.bout 80,0° to 

1000° F., the solubility 1s so great that precipitation 

cnn not occur at temperature, but will occur (1n the range 

400° to 800° F. ), on slow cooling from the temper. Below 
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400° F., on the other hand, diffusion is too slow for ap­

preciable precipitation to occur in the usual tempe1•ing 

times. The precipitating c:onst1 tuent has not been iden­

tified. 

In order to determine whether the undesired frac­

turs or the plate in question was caused by temper em­

brittlement or by the retention ot austenite, the 

experimdnts reported herein were performed. 

u,~£RIALS 

The steel was made by the Basic-Open Hearth proce~s 

and cross-rolled to four-inch plate. A fraoture test 

specimen from a plate indicated that the steel was of 

exceptionally high quality•, but the fraotur~ was 

found to be mGttled (partially fibrous and partially 

crystalline). The analysis of the steel was as follows: 

Ladle .26 1.50 .26 .023 .018 .74 1.07 .47 .10 • 

Check • 28 1. 57 • 32 . 027 • 01 7 • 63 1. 06 • 49 • 09 • 0012 • 04 • 04 
at W. A. 

The heat-treatment used by the manufacturer is listed 

belows 
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Heat to 1650° F. - 6! hrs. rise, 3 1/6 hr. hold, W,Q, 

Heat to 1195° F, - 6 3/4 hrs. rise, 6 hrs. hold, A.O. 

Brinell Hardness - - - - - 255/269. 

Small specimens (approximately 5/8" square) were ma­

chined parallel to the prino~pal rolling direction from 

one half of the fracture-test specimen. Thesa specimens 

were heat-treated, two .01 inch radius V-notch Charpy bars 

were cut from each and were tested at -40° F. 

Before proceeding with the impact tests on the small 

specimens, the martensite transformntion starting tempera­

ture was .determined by tharmal arrast measurements and tha 

martahsita f1n1sh tampara.tura d1latomatrically. Tha pro­

cadura used for these measurements will be described in 

n subsequent report14• The cooling rate (at 1300° F,) 

for these detarminations was approximately 80° F./sec, 

The ma.rtens1te start was found to bent 645° F. ~nd the 

finish at 4,40° F. From these data., it might be deduced 

that there probably will be little or no ret~1ned austenite 

present after water-quenching of the four-inch plate. 

However, the more slowly a specimen 1s cooled through the 

martansite range, the more likely the retention of 
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austen1te becomes. Furthermore, the transtormat1on ot the 

austen1te may continue until some small percentage ot 

austen1te remains instead of going continuously to com­

pletion as a specimen 1s coole~. Thus, the d1latometrio 

technique could indicate an end to the martensita trans­

~ormat1or. eve~ though somA small paroentage ot aust!nite 

had not transformed. 

The small specimens were heat-treated according to 

the schedule ~1ven in Table I. The results ot the "V1 -

notch Charpy tes\e performed at -40° r. are also listed 

1n this table-, as well as the Rockwell "C" hardnesses ot 

the specimens. In order to determine the effect ot 

retained ~ustenite on the impact properties, the results 

ot the tests on specimens 21 and 32 should be compared. 

Specimen 21 was coolad only to room temperature before 

tempering and specimen 32_ was cooled to -190° C. This 

low-temperature treatment had little effect•, and 1t may 

be considered that there 1s little if a~y etfeot of 

retained austen1te, or that there 1s llttle 1t any re­

ta1nad on quenching to room temperature. 

- - -.,he d1fferenoe-1n hardness-must be-considered.- -
This .is probably due to the fact .that the tem­
pering at 1000° F. of the two specimens was 
carried out 1n different furnaces. 

- 9 .. 



The effect of tempering temperature and variation 

ot cooling from the tempering temperature tor this .steel 

1s illustrated 1n Figures 2 and 3. In Figure 2, the 

results or the impact tests are plotted as a function of 

hardness (tor various times and temperatures of tempar-

1ng). Allot the spec1mans which were air-cooled and 

water-quenched from the tempe~ except those tempered .tor 

ten minutes at 1000° F., tall on a smooth curve. Belo~ 

about 3? Rockwell c, the impact energy ot the turnac•~ 

cooled• specimens first r\ses, and then falls prac1p1~ 

tously. Greaves and his co.workers have shown that the 

brittleness ot specimens tempered in the range ot from 

400• to 800° F. may be avoided by tempering tor a short 

time at a high tempera.tu~e, it the tempering 1s followed 
, 

by rapid coolihg, Such treatment will avoid pl•ecipita-

t1on in the lower temperature range, simply because at 

higher temperature, the solubility is sufficient to 

prevent precip1tat1on. Sp~cimens given such a short­

time treatment must ot necessity be small and must be 

cooled rapidly from the temper to avoid the ~recipita­

t1on, This improvement brought about by abort-time 

- - -•The rate-of cooling was not measured-but- - - -
is ast1mated to be about 1/10• F. par 
minute at 1300° F. 
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tempering 1s illustrated by the results of specimens tem­

pered for a short time at 1000° F, (Number9 41 and 42). 

In Figure 3, the impact energies (at -40° F.) are plotted 

as a function of tempering temuerature for five hours at 

temperature. It is to be noted that this figure is in 

agreement with Curves Band C of Figure 1. A sharp rise 

in impact energy occurs between 1000° and 1100° F. ir­

respective of the rate of cooling from the temper. At 
1es 

higher temperatures, the impact energ/ of the furnace-

cooled specimens nre less than those of the corresponding 

rapidly cooled specimens. 

!n all cRses, the fracture ratings (Sae Table I and 

Tabla!!) are consistent with tha impact enargies, par­

ticularly in thnt specimens tempered at 1200° F, (about 

250 BHN) show a mottled (Fe) type of fractu~e, after slow 

cooling from the temper. 

DISCUSSION 

The results 1nd1cnte that this mnng~nase-n1ckel­

chrom1um-molybdenum stael 1s fairly susceptible totem­

per-brittleness, although it will probably not oontR1n 

retained austenite if properly quenched (1. e., if the 

bainite formation is avoided*). The oonsequances of this 

- 11 -



temper-brittleness will be a lowering of the impact energy 

following slow cooling from the tempering t~perature (tor 

tempering temperature 1n excess of about 1100° r. j. Be­

cause of the t~icknass of the aJ'JDOr tor which this steel 

ts used, even air-cooling from the tempering temperature 

will probably result in some temper-embrittlem~nt. 

Further, this steel cannot be heat-treated to above about 

330 Br1nell (33 Rockwell C) without a precipitous de­

crease 1n impact energy. This decrease occurs inde­

pendent of the cooling treatment attar tempering and oan 

only be avoided by a short-time tempering at a high tem­

perature which 1s not practicable, except for very small 

specimens. 

Cn the basis of the experimental data of this 

report !lfld the data of the metallurgical literature~ it 

may be concluded that oe·rtain precautions must be takan 

in the heat-treatment of temper-brittle steel. tr non­

fibrous fractures are obtained at hardnes!es below 

about 300 BH?:, when the nnalys1s 1s .sufficient fot- ob­

taining martens1te on quenching, the steel should be 

retempered and quenched from the temper, (if the 

original. tempering was followed by slow cooling). 

If the total alloy content or oarbon content 1s vary 

high, the nonf1brous fractures may be due to the re­

tention of !l.Ustenite, .in which oase retempering will 
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probably have no ettect. A solution tor this latter 

ditt1oulty other than retr1geration will be presented 

in a subsaquent raport13• For sections thicker than 

about six inchas, it is doubttul whether water-quenohing 

is severe enough to eliminate the temper-embrittlement. 

It, on the other hand, nontibrous traotures ocour at 

hardnegses, between about 320 to 400 Brinell (for car-

bon contant in the range .25 to .35 per cent), rapid cool­

ing following tempering will ba ot no avail in improving 

tha fracture it martansita was obtained on quanoh1ng. In 

this oase, the only hope is to choose a naw analysis 

which does not exhibit temper-embrittlement. For low 

hardenability st eel, additions at molybdenum may be ot 

some help. For h1gh hardenability steels, experimenta­

tion with various analyses is necessary and thare may be 

no solution to the problem, at the present time. 

Further, it it is neoes9ary to quench from the tem­

per, stresses will certainly be introduced which might 

atfeot tabrioation. Stress-relieving can not be con­

sidered at temperatures in the range ot about 650° to 

900° F., tor embrittlement will result. Stre1s-reliav­

ing from higher temperatures Carter welding tor exupl~) 

must, ot course, be followed by cooling suttio1ently 

rapidly to avoid embrittle~ent. Such traatments will 

- 13 -



relieve looal stresses even though additional stresses 

ot a different distribution will be introduoed in the 

rapid ooc11ng following tempering. 
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'l'ABLS: I 

HEAT= 1'B,S:ATN.EN113, IPLJ:A.C'r fiE3Ll:_T3 (=40° _F ,!_) .[RQE._ siv.J:.L_Sf.!!:Q.?11.S:!iS 'l'AK!N 
ERQPL_FQL'fl-!NQH~ tAN,G,AN!Si-liIQK~:C!!RC}{.1.,L~-iCJ:.YB::>lN~1l_RQL~E,2 ~q~CS flATE* 

11 300 
12 400 
13 500 
14 600 

5 hr. 
" 
" II 

15 700 " 
16 800 " 
1? 900 " 
21 1000 " 
22 1100 " 
23 1200 " 
24 1275 " 
25 As quenched 
26 150 5 hr. 
2? 1000 II 

31 .1000 " 
32** iooo " 
33** 1000 " 
34** 1000 " 
35 400 & 1000-••" 
36 " " 

37 

41 
42 
44 

45 
46 
47 
51 
52 
53 
54 
55 
56 
57 
61 
62 
63 
?1 
72 
73 
74 

" 
1000 
1000 
1000 

1000 
1000 
1000 
1000 
1000 
1125 
1125 
1025 
1025 
1025 

950 
950 
950 

1100 
1100 
1200 
1200 

" 
10 m. 
10 m. 
1 hr. 

1 hr. 
" 

24 hr. 
" 
" 

10 m. 
" 

1 hr. 
" 
" 

24 hr. 
" 
" 

5 hr. 
" 4½ hr. 

4½ hr. 

A.O. 
" 
" 
" 
" 
" 
" 
" 
" " 
" 

A.C. 
w. Q,. 
F.C. 

F.C. 
w. Q,. 
A.. c. 
F.C. 
w. Q,. 
A.. c. 
w. Q. 
A..C. 
F. C. 
W.Q. 
A.. C. 
F .C •. 
7.Q. 
F.C. 
W.Q. 
F.C. 
W.Q. 

27 • .3 
29.5 
13.6 
16.8 
12.9 
1 '7; 0 
18,1 
25,0 
67.9 
77.1 
74.8 
15.6 
19.4 
27.6 
26.6 
26.5 
28.0 
30.3 
20.5 
15.5 

23.6 

23.6 
28.2 
22 • .4 

16.4 
20.0 
67.9 
51.0 
58.6 
58.2 
61.9 
25.0 
22.2 
28.2 
18.2 
15.5 
16.6 
60.0 
65.6 
42.4 
74.9 

28.2 
26.7 
18.1 
18.1 
16.9 
16.8 
15~7 
23.3 
.65. 6 
72.3 
69.6 
13.8 
8.3 

33.4 
20.6 
31.1 
22.9 
31.4 
19.4 
16.4 

20. 5 

26.4 
23.7 
22.7 

21.2 
29.7 
61.5 
53.8 
69.0 
51.2 
58.2 
25.8 
22.2 
35.0 
18.7 
15.6 
17.4 
54.2 
70.7 
44.l 
?1.3 

27.8 
28.1 
15.9 
17.5 
14.9 
16.9 
16.9 
24.2 
66.8 
?4.7 
72.2 
14.7 
13.9 
30.5 
23.6 
28.8 
25.5 
30.9 
20.0 
16.0 

22.1 

25.0 
26.0 
22.6 

18.6 
25.3 
64.7 
B2.4 
63.8 
54.7 
60.l 
25.4 
22.2 
31.6 
18.5 
15~6 
17.0 
57.1 
68,2 
43~3 
71.3 

F 
F 

Cdf 
Cdf 
Cdf 
Cdf 
Cdf' 
Gdf 

F 
F 

Cdf 
Cd 
Cd 
Cdf 
Cdf 
Cdf 
Cdf 
Cdf 
Cdf' 
Cd 

Cdf 

Cdf' 
Cdf 
Cdf 

Cd 
Cdf 

F 
Fe 

F 
Fe 

F 
Cdf 
Cdf 
Cdf 
Cdf' 
Cd 
Odf 
Fe 

F 
Cdf 

F 

47.7 
46.5 
45.2 
44.7 
42.8 
41.4 
39.6 
36.3 
30.5 
25.3 
20.4 
51.8 
51.0 
35.? 
34.4 
34.8 
34.3 
34.7 
35.3 
35.8 

~6.0 

37.9 
38.7 
35.8 

36~5 
36.0 
28.3 
29,4 
29.4 
33.7 
33.7 
34.4 
35.4 
34.9 
36,7 
36.0 
3?.3 
30.5 

, 30.2 
22.3 
23.4 

• ill specimens iuenched after three hours at 1650° F. 
••Cooled to -300 r. before tempering. 

***Tempered at 400° F. tor :r1ve hou_rs, followed by 1000° F. for f'lv& hours. 
••• hAII!__. 



TAB~ ll 
STANDARD 'l'YPES Ql NCTCHED-I!A!\-!KPACT 

FRACl'L"RES, 

snBOL DESCRIP'l'ICN 

F Fibrous 

S Silky (generally encountered 
with steels ot high 
hardnegs) 

Fc Fibrous matrix with spots of 
orystall1n1ty 

Cdt Dull crystalline patch sur­
rounded by fibrous border 

Cbt Bright crystalline patch 
surrounded by fibrous border 

Cd Dull crystalline (complete) 

Cb Bright crystalline (complete) 

!!2ll 1: Additional terms such as: dendritic, con­
oho1dal, etc., used to describe the fractures, 
should ba written out in full following the 
traotura typa symbol. 

Note a: It it is desired to estimate the relative 
amounts ot fibrous and crystalline surface 
areas, a traction will be placed following 
the fracture symbol. This traction will 
refer to the estimated surtaoe area wh1ch1s 
crystalline. 
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