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Watertown Arsenal Laboratory
Memorandum Report WAL 322/2.
Problem Number H-1l.4 1 July 1944

SUBJECT

TEMPER-BRITTLENESS IN A MANGANESS-NICKEL- DT‘C
CHRCMIUM-MCLYBDENUY. ARMCR STEEL. a0 | ECTE

ABSTRACT

It was obssrved by the Armor Section of the Labora-
tory that one manufacturer of rolled armor using a man-
ganese-nickel-chromium-molybdenum sta221 for two and one
half inch to four-inch plates was obtaining mottled
(partly fibrous and partly crystalline) fractures, pos-
sibly indicatlive of low toughness, when the heats con-
tained high percentages of manganase and chromium, but
were fibrous when the percentages were low. Tha pur-
pose. of the axperiments discussed in this raport was to
determine the causs of this anomalous bzhavicr. Small
gspacimens taken from one haat of this type of staal wers
variously hesat-treat2d, machined into Charpy specimens
and tested at -40° F, Examination of the impact results
indicates that %his ste22l 1s suscaptibls to tempar-brit-
tleness. The results are in complete agraemant with the

early fundamental work of Greaves and his collaborators

cshtemunyp
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as to the nature of this phenomenon. If tempered above
about 1100° F,, armor made from this steel must be
quenched from the tempering temperature to avoid embrit-
tlement. If 1t 18 to be used for ssctions above about six
inches, even water-quenching from the temper is not like-
ly to be severe enough to prevent the smbrittiement, At
lowar tempering temperatures (hardness above adbout 330
Brinell), no practical method of evolding the embrittle.
ment has yet been proposed for ethep than very thin sec-

tions.

INIRODUCTION

In c#amlning ths properties of steels made Dy one
of the rolled-armor manufacturers, 3¢ was found that when
the manganasé and chromium ocontants were on the high side
of the aim analysis, mottled or spackled® fractures were
observed in tha fracture test. The cause of this dehav.
ior was not understood and the Physical Ketallurgy Sec-
tion of the Lagboratory was requested by the Armor Seo-
tion to investigate the properties of specimens taken fronm
a plate of this type of analysis,

It was believed that there were only two plenomena

Arsanal Laboratory system of olassification.
See Table II,
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which could cause nonfibrous fractures (lowered notched-
bar-impact energies) when tha analysas ware on tha high
side, while fibrous fracturss wars being obtained with
lowsr alloy heats. Inoreasss in alloying alaments, par-
ticularly manganas2 and chromium, will dapress the mar-
tonsita transformation range and may result in tha re-
tantion of austenite at room temperature. This ratatnad
austanite may transform upon tamparing to some isothermal
product, the exact nature of which will ba governed by'
the tempering cycls employ3d and the fransformation char-
acteristics of the steel. For example, if this.retainad
austenite transforms to pearlits upon temparing, it is
expacted that the notched-bar-impact eznergy will be less
than that obtainad if the structure were entirely tem-
pered martensite. Whether or not retention of austenite
occurs and has an affact can easlily be datermined exper-~
imantally by cooling specimans to a low temperature fol-
lowing quenching and then tampering, and comparing the
impact snergles with speocimens quenched only to room tem-
peraturs (and tempered).

Tempar-brittleness could also cause lowared impact
energy with increasing alloy oontent. Much sxperimental
work was parformsd and many papers written concerning

this phanomanon just nfter the last war. Tha fundamental
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refersnces are thosse of Greaves and his collaboratorsl’ 2,

3, % based on experiments performad at Woolwich Arsanal
on steels which ware presumably used for guns. Some at-
tention was given to this pha2nomsnon bstwasn the two grs,

5, 6, 7, and Germane’ 9. and

but primarily by Japanase
Russianlo investigators. Racantly Lorig and co-workars11
in an N. D, R. C. report described results of sxpsrimants
with several armor steals. Tha2s2 results ars in essan-
tial agraemant with tha early work of Gragves and his cot
workars. Ths general nature of tampar-brittleness is fair-
ly well undarstood, primarily as a result of tha fundamen-
tal work of Grasavas. Carpentsr and Robsrtsonl2 hava sum-
marized this informatlon in thelr genaral discussion on

the classification of staels.

In general, the relation of the impact anergy of
ste2ls with tempering temparatura (or hardnsss) can bs of
three types. Filrstly, there is the bshavior of non-
tampar-brittle steels, the impact enesrgy of which in-
creasas continuously with temparing temperature*, This
ralation is 11lustratad as Curva A in Figure 1. The
gsecond type of relation is characterized by tompare
brittle ste2ls which are cooled rapidly from the

temparing temperaturs (Curve B, Figure 1). As ths tem-

*This discuasion is concarnad with stezls
quanched to martansite besfora tamparing.
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pering temperature is increased, the impact energy first
rises slightly, then decreases, then rises again. 1If,
howsver, a temper-brittle steal is slowly cooled follow-
ing temparing, the third relation betwaen impact snergy

and tampering temperature results. This relation is il-
lustratad as Curve C in Figure 1. Below about 800° F.,

the impact energy 1s independent of the rats of coéling
from ths tempsring tamperature. Abovae about 800° F,, the
impact snergy risas with cooling rate, the slowef the cool-
ing from the temper, thse lowar the impact ensrgy. The high-
ar tha tampering temparature, the graater 1s the difference
between the impact onergles of rapidly and slowly cooled
specimans. The magnitude of the vallsy betwaan about 400°
F. and 800° F, and tha magnitude of the effect of slow cool-
ing from the tampering tsmperature will depend upon the
composition of the stesl. Greaves and Jones4 pointed out
that any steel showing a diffsrsnce in impact snsrgy be-
twean rapldly and slowly cooled specimens following tem-
pering at a high taemparature will be characterized by a
relation between impsact energy and tampering temperaturs

as 1llustratad by Curve B of Figure 1 when quenchad from
the temper. Thesa same two invastigators concluded that
mangansse, nickal, chromium, and vanadium had g potent

effect in incraasing the susceptibility to temper-

-5-



brittleness. However, they also found that molybdenum
would cure the malady in nickel-chromium stesls containing
low percentages of manganese, but only reduce the suscep-
tibility in high manganese stesls. Genarally spsaking,

1t appears that thas higher the over-all hardenability
(unless 1t 1s obtained with increasing carbon contant),
ths less likely 1s molybdenum to cure the difficulty.

As will be pointed out in a subsequent report}s, ir the
hardenability of a manganese-nickel, chromium steel is
sufficient to develop martensite on quenching in sections
thicker than sbout three inches, molybdenum will not com-
pletely eliminata the susceptibility to this tyﬁe of
brittleness. Early investigations also indicate that
steelmaking practice affects this susceptibility. The
interpretation of the temper-brittleness phenomenon is
that, in susceptible steels, there 1s some constituent
present, the solubility of which increases with increas-
ing temperature. In the temperature range batween 400° F,
and 800° F., the solubility is low snough and the diffusion
rate is sufficlent to cause precipitation from the syper-
saturated solution and embrittlement. Above about 800° to
1000° F., the solubility 1s so great that precipitation
can not occur at temperature, but will occur (in 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-
precliable precipitation to occur in the usual tempering
times. The precipitating constituent has not been iden-
tified.

In order to determine whather the undesired frac-
ture of the plate in question was caused by temper em-
brittlement or by the retention of austenite, the

experiments reported herein were performed.

VATERIALS

The steel was made by the Basic-Upen Hearth process
and cross-rolled to four-inch plate. A fracture test
gpecimen from a plate indicated that the steel was of
exceptionally high quality®, but the fracturse was
found to be mottled (partislly fibrous and partially

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

C En 58 S P M Cr M Cu B A T
Ladle .26 1.50 .26 .023 .018 .74 1.07 .47 .10 = - -

Ghe;k .28 1,57 .32 .027 .017 .63 1.06 ,49 ,09 ;0012 .04 .04
at W.A. '

The heat-treatment used by the manufacturer is 1listed

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., rigse, 6 hrs. hold, A.C.
Brinell Hardness = « = - - - - 255/269.

Small specimens (approximately 5/8" square) were ma-
chined parallel to the principal rolling direction from
one half of ths fracture-test specimen. Thesa spacimens
were hoat-treated, two .0l inch redius V-notch Charpy bars

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

RESULTY -

Before proceeding with the impact tests on the small
specimens, the martensite transformation starting tsmpera-
}ture was datermined by thermal arrast measuremsnts and the
martansits finish tamparatura dilatometrically. The pro-
cadurs used for these measursments will be described in
a subsequent report14. The cooling rats (at 1300° F,)
§or thess dstarminations was approximataly 80° F.)sec.
The martensite start was found to be at 645° F, and the
finish at 440° F. From these data, 1t might be deduced
that there probably will be 1little or no retalned 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

-8 -



austenite becomes., Furthermore, the transformation of the
austenite may continue until some small percentage of
austenite remains instead of going continuously to com-
pletion as a specimen is cooled. Thus, ths dilatometric
technique could indicate an snd to the martansite trans-
formatior ever though soma small percentags of austanite
had not transforued.

The small specimens were heat-treated according to
the schedule given in Table I. The results of the "V'.
notch Charpy tests performed at -40° F, are also 1listed
in this table, as well as the Rockwell "C" hardnesses of
the specimens. In order to determine the sffsct of
retalned austenite on the impact properties, the results
of the tests on specimens 21 and 32 should be ocompared.
Specimen 21 was cooled only to room temperature before
tempering and spscimen 32 was cooled to =190° C. This
low-~temperature treatment had 1little effect®, and 1t may
be considered that there 1s little if any effect of
retained austanite, or that there is little if any re-

tailnad on quenching to room temperatura.

This 18 probably due to the fact that the tem-
pering at 1000° F. of the two specimens was
carried out in different furnaces.

—9-



The effect of tempering temperature and variation
of cooling from the tempering temperature for this stesl
18 {llustrated in Figures 2 and 3. In Figure 2, the
results of the impact tests are plotted as a function of
hardness (for various times and tamperatureé of temper-
ing). All of the spascimans which were air-céoled and
water-quenched from the tempeny except those tempsared for
ten minutes at 1000° F., fall on a smooth curve. Below
about 37 Rockwell C, the impact energy of tha furnace~
cooled* specimens first risgs, and then falls pracipi-
tously. GOreaves and his oco-workers have shown thﬁt the
brittleness of spacimens tsmpered in the range of from
400* to 800° F. may be avolded by tempering for a short
timé at a high temperatﬁre, if the tempering is followed
by rapid cooliﬁg. Such treatment will avoid precipita-
tion in the lowgr temperature range, simply because at
higher temperature, the solubility is sufficlent to
prevent precipitation. Speécimens given such a short-
time treatment must of necessity be small and must be
cooled rapidly from the temper to avold the preciplta-
tion, This improvement brought about by short-time

-— -— ey S - ey e @ @ Ey oy G G G CE Sy e T o G She e

“#The rate of cooling was not measured but
1s astimated to ba about 1/10° F. par
minute at 1300° F,
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tempering is 1llustrated by the results of specimens tem-
pered for a short time at 1000° F, (Numbers 41 and 42).
In Figure 3, the impact energles (at -40° F.) are plotted
as a function of tempering temverature for five hours at
temperature. It is to be noted that this figure is in
agreement with Curves B and C of Figure 1. A sharp rise
in impact energy occurs betwesn 1000° and 1100° F. ir-
respective of the rate of cooling from the temper. At
higher temperatures, the impact energapgf the furnace-
cooled specimens are less than those of the corresponding
rapildly cooled specimens.

In all cases, the fracture ratings (Sze Table I and
Tabla II) are consistent with the impaect enargles, par-
ticularly in that specimens tempered at 1200° F, (about
250 BHN) show a mottled (Fc) typs of fracture, after slow

cooling from the temper.

DISCUSSION

The results indicete that this mangansse-nickel-
chromium-molybdsnum stael 18 fairly susceptible to tem-
par-brittleness, although it will probably not contain
retained austenite if properly quenched (i. e., if the

beinite formation is avoided®). The consequances of this

_—————m—————————————— -— e Gem em E e -

*3ag8 Troinnold® for affasct of the formation of
some bainite on the retention of austanits.



temper~brittleness will be a lowering of the impact energy
following slow cooling from the tempering temperature (for
tempering temperature in excess of about iloo6 F.). Be-
causé of the thickness of the armor for which this steel

is used, even alr-cooling from the tempering temperature
will probably result in some temper-smbrittlement.
Further, this steel cannot be heat-treated to above about
330 Brinell (33 Rockwell C) without a precipitous de-
crease in impact energy. This decrease occurs inde-
pendent of the cooling treatment aftar tempering and can
only be a&oided by a short-time tempering at a high tem-
perature which is not practicable, except for very small
specimens.

Cn the basis of the experimental data ¢f this

report and the data of the metsllurgicsal literature‘ it
may be concluded that certain precautions must be taken
in the heat-tresatment of temper-brittls steel. If non-
fibrous fractures are obtained at hardnesses below

about 300 BHN, when the analysis is sufficient for ob-
taining martensite on quenching, the steel should be
retemperad and quenched from ths temper, (if the

original tempering was followed by slow cooling).

If the total alloy content or carbon content is very
high, the nonfibrous fractures may be due to the re-
tention of asugtenite, in which case retempering will

- 12 -



probably have no effect. A solution for this latter
difficulty other than refrigsration will be presented
in a subsaquent raportls. For sections thicker than
about six inchas, 1t 1s doubtful whather watsr-quenching
1s savere enough to eliminate the temper-embrittlement,
If, on the other hand, nonfibrous fractures ocour at
hardnesses, betwesn about 320 to 400 Brinell (for car-
bon contant in the range .25 to .35 per ocsnt), rapid cool-
ing following tempering will ba of no avail in improving
tha fracture if martansita was obtalned on quenching. In
this case, the only hope 18 to choose a naw analysls
which does not exhibit temper-embrittlement. For low
hardenability steel, additions of molybdenum may be of
some help. For high hardenability steels, experimenta-
tion with various analyses ls necessary and there may be
no solution to the problem, at the present time.
Further, if 1t 18 nscessary to quench from the tem-
per, stresses will certainly bs introduced which might
affect fabrication. Stress-relieving can not be con-
sidered at temperatures in the range of about 650° to
900° F,, for embrittlement will result. Stress-relisv-
ing from higher tempsratures (after welding for example)
must, of cocurse, be followed by cooling sufficlently
rapidly to avoid embrittlament. 6uch traatments will



relieve local stresses sven though additionsal stresses
of o different distribution will be introduced in the
rapild cocling following tempering.

ACKNOWL EDGMENT

Private D, C. Buffum and Mr. L, D. Jaffs assisted
materially in obtaining and assembling the data dls-

cussad in this report.

John H., Hollomon,
ptain, Crdnance Dapartment

Concurred in:

KajJor N. A, Mathews
Armor Ssction

APPROVED:

A oM el

H, H, LE9STER,
CHIEF, RESEARCH DIVISICN

- 14 -



TABLE I

INDIVIDUAL  AVZRAGE AVERAGE* # ¢

CCL-
BAR TENPER- TINPER- ING CHARPY “CHARPY RCCK-
NC¥-_ ING ING FROM SRGIZS INERGIES FRAC- ¥iLL _¥cr
_ BzRT _ TP, _ _TIME _ _TawPsR _ _ _ (FI.-IBS.)_ _ [FE~LBS] _ TvAz" _ _ HARDNESS
11 300 5 hr. A.C. 7.3 28.2 o7.8 F g
12 400 " J 29.5 26.7 28.1 F 46.5
13 500 " " 13.6 18.1 15.9 cas 45.2
14 600 " " 16.8 18.1 17.5 ¢ar 44.7
15 700 " " 12.9 16.9 14.9 car 42.8
16 800 " " 17.0 16.8 16.9 cdr 41.4
17 900 " " 18.1 15,7 16.9 car 39.6
21 1000 " " 25,0 23.3 24,2 odr 36.3
22 1100 " " 67.9 65.6 66.8 F 30.5
23 1200 " " 7.1 72,3 74,7 F 25,3
24 1275 " " 74,8 69.6 72,2 car 20. 4
25 Ag quenched 15.6 13.8 14.7 ca 51.8
26 150 5 hr. A.C. 19.4 8.3 13.9 cd 51.0
on 1000 " 7.Q. 7.6 33.4 30.5 car 35,7
31 .1000 " F.C. 26.6 20,6 23.6 car 34.4
32%% 1000 " A.C. 26.5 31,1 28.8 car 34,8
33%* 1000 " F.C. 28.0 22.9 25.5 car 34,3
34%* 1000 " %.Q. 30.3 31.4 30.9 car 34.7
35 400 & 1000%## A.C. 20.5 19.4 20.0 car 35.3
36 " " T, » 15.5 16.4 16.0 cd 35.8
ho Fo C.
an " " wx 23.6 20,5 22.1 car 36,0
e, C.Q.

41 1000 10 m. A.C. 23,6 26.4 25.0 car 37.9
42 1000 10 m. T.Q. 28.2 23,7 26,0 car 38,7
44 1000 1 hr. A.C. 22,4 22.7 22,6 car 35.8
45 1000 1 hr. F.C. 16.4 21,2 18.6 ca 36.5
46 1000 " T.Q. 20.8 29,7 25,3 car 36.0
47 1000 24 hr. A.C. 67.9 61.5 64.7 F 28.3
51 1000 " F.C. 51.0 53.8 52.4 Fe 29, 4
52 1000 " ¥.Q. 5846 69.0 63.8 F 29. 4
53 1125 10 m. A.C. 58,2 51.2 54,7 Fe 33.7
54 1125 " 7.Q. 61.9 58.2 60.1 F 33.7
55 1025 1 hr, A.C. 25,0 25.8 25,4 car 34,4
56 1025 " F.C. 22,2 22,2 22,2 car 35.4
57 1025 " w.Q. 28,2 35.0 31.6 car 34.9
61 950 24 hr. A.C. 18.2 18.7 18.5 car 36,7
62 950 " F.C.. 15.5 15.6 15.6 S 36.0
63 950 " 7.Q. 16.6 17.4 17.0 car 3.3
71 1100 5 hr. F.C. 60.0 54,2 57.1 Fe 30.5
72 1100 " w.Q. 65.6 70.7 68,2 F . 30.2
"3 1200 44 hr. PF.C. 42.4 44,1 43,3 car 22,3
4 1200 4 hr. ¥V.Q. 74,9 71.3 ”1.3 F 03,4

#A11 specimens quenched aftsr three hours at 1650° F,
##Cooled to -300° F, before tempering.
*##Tompered at 400° F. for five hours, followed by 1000° F, for five hours.



IABLE II
STANDARD TYPES OF NCTCHED-BAR-IKPACT

FRACTURES.
" SYMBOL DESCRIPTICN
F Fibrous
) Silky (generally encountered
with steels of high
hardness)
Fe Fibrous matrix with spots of
crystallinity
car Dull crystalline patch sur-
rounded by fibrous border
Cbr Bright crystalline patch
surrounded by fibrous border
cd Dull orystalline (complete)
Cb Bright crystalline (complate)

Note )¢ Additional terms such as: dendritic, oon-
choidal, etec., used to describe the fractures,
should ﬁe writtan out in full following the
fractures type symbol.

Note 2: If it 1s desired to estimate the relativs
amounts of fibrous and crystalline surface
areas, a fraction will be placed following
the fracture symbol. This fraction wilil
refer to the estimated surface area whichis
erystalline.
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