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Report Mo, WAL 630/1k
Job To, 17% 20 June 1945

Temmer Brittleness and Its Relation to the Zeat Treatment

of Ordnance Materiel

Temper brittleness is sometimes responsibdle for the low irmpct resistazce
of various items of Ordnance materiel, It is particularly important to avoid
this type of embrittlement in armor vnlate and certesin gun tubes for which
high impact properties are necessary for satisfactory service life, Temper
enbrittlement occurs during:

24 the period of slow cooling from tempering terweratures above
1100°F,

Ve termering in the range of approximately 700°F to 1100°F,
N

Ce reheating to temperatures between approximately TOOCF and
1100°F after once quenching from the termer.

Terper brittleness is caused by the precipitation of some unidentified
constituent which manifests itself primarily by lowering the notched bdar
impact resistance or, more correctly, by raising the temperature at which
brittle fracture occurs. The melting and refining praciice, the direction
of the test specimens with respect t0 the rolling c¢xr forging direction, the
type and distribution of the microconstituents, and anyr other variadbleswhich
influence the normal impact characteristics also influence the apparent
degree of embrittlement caused by tempéring treatments,

Manganese, chromium eond nickel increase the tendency for temper bdritile-
ness to occur as well as its severity when it does occur., Steels of equal
hardenabilities containing varying proportions of these three elements appear
to possess approximately equal susceptidility to temper brittleness, Oxygen,
ritrogen, phosphorus, and tin also appear to increase the susceptibility %o
temper brittleness, but the effect may be Gue to the Tact that these elenents
also lower the impact provmerties of the unemdbritiled steel, In low and mediun
alloy steels molybdenum is so effective in retarding the precipitatiorn of the
emorittling constituent that it can be employed itc elinminate or decrease the
susceptibility to temper brittleness,

Various means of elinincting or minimizing terper brittleness are as
follows:

2 Employ steels containing 0,25% or more of molvbdenum,

b. Fmploy the minimuwa alloy content necessary for adequate
hardenability,
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Water quench after tempering especially if the tempering
temperature is above approximately 1100°7,

Yhen the tempering temperature must be bYelow spproximately
1100°F, employ a tempering treatment involving the highest
temperature and the shortest holding time wmracticable a.nd
water quench after tempering.

Whenever neceasary, select an alloy composition, such as one
containing epproximetely O.15% vanadium, whiich has a high
resistance to softening so that a tempering temperature in
excess of 1100°F will be required to produnce the desired
hardness, It will then be possible to water quench after
tempering and avoid emdbrittlement,

When choosing a composition for relatively tialck sections
where high impact resistance is required anl vhere the section
size 18 80 gremt thot water quenching after tempering provides
cooling rates too slow to prevent embritilement, select a
steel which will have only sufficient hardenability to avoid
the formation of pearlite during quenciing, 3By virtue of the
lower alloy content, as compared to a steel with sufficient
alloy to permit full hagdening, the steel vill be less sus-

ceptible to terper brittleness, Bigh irpact resistance can
be obtained in such bainitic steels only when they are tempered
to relatively lowv hardnesses (approximately 200 BEN or 85,000
pel yield strength),

Streas relieve at temperatures either below or above the
embrittlement range of TOO®F to 1100°F and follow the high
temperature stress relieving treatment by water quenching,
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I INTRODUCTION

Tor certain {tems of ordnance materiel a high degree of resistance

to shock loading is necessary for satisfactory merformance, During its

’ service 1life, armor must be capable of withstanding extremely ranid eppli-
cations of stresses which may exceed its yield and tensile strengths without
more than locsl rielding and without the lose of its structural integrity,
Artillery, varticularly high velocity guns which have thin walls and high
strengths, must have a hiegh impact resistance in order to withstand pro-
loaged firing, In all cases the impact resistance must be maintained at a
reasonable level at all geivice temperatures which ms;r be as low as minus
HOST on the ground and minus 65°F at flying altitudes,

X It ie apparent then that careful control muist be exercissd over all
factors vhich influence the toughness of steel, One of these factors is
temper brittleness and 1% 1s this phenomenon with vhlcl this report is
concerned,

It has been known since spproximately the turn of the century that
certein alloy steels are sudject to brittleness if thev have been slowly
cooled from the tempering temperature or if ther have been tempered within
a certain temperature rainge, This is the phenomenon of temper brittleness
to which considerable atiention was devoted shorily before and during VWorld
War I, It has often been called rupvkrankheit (Irup» sickness) because it
was obeserved in Krupp niclzel-chromium steels vhich vere widely used for guns
and armor,

Trom the beginning of tie present war up to the last half of 1943 the
provlem of temper britileness in ordnance materiel preoduced in the United
States received little attention partly because of the widespread use of
low alloy steels which are relatively unsusceptiole to temper brittleness
and partly becsuse the necessity of high resistance to impact was not at
first recognized in certain ordénance apnlications, Zowever, as strategy
s ' dictated the trend towards heavier armor it becerne necessary %o increase
; the alloy content of such steels to maintain hardensbility adequate %o
' produce essentially mertensitic structures upon quenching, It was {mmediately
ﬁ found that impact properties were obtained which were lower than expected for
b : tempered martensite, It was at this time that the atertown Arsenal Laboras
tory became aware of the role of temper brittleness i causing low shock
resistance, Almost sirmltaneously, there was a trend toward the use of
hlgher alloy contents in s;ms in order to develon fnlly hardened structures
to obtain the high immact resistance which was consifered necessary for suc-
cessful fanctioning of nev type, highly stressed gun tubes. Thus, the exiet-
ence of the prodlem of temper brittleness in guns becarie evident through the
interest in impact properties,

In order to clarify the problem of temper brittleness and to integrate

the present knowledge of the phenomenon, Captein J, K, “ollomon of the ,

Physical Metallurgy Section of the Watertown Arsennl Laboratory conducted an

extensive literature surve; and analyzed the availahle information in Report
: No. VAL 630/11, entitled "lemper 3rittleness - A Oritical Survey and :
§ Interpretation®. It is the purpose of this paper to sunmarize some of the .
£ 2 concents contained in the ebove mentioned report and to suggest practical :
&
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‘ » mathods whereby the temper embrittlenent of ordnance materiel may be elither
¥ ' completely eliminated or at least minimized, 'heanever possible, data obtained
from various sources are included to demonstrete the success or the limita-
- tione of the proposed methods of combating temper brittleness,

A bibdliography of pertinent pubdblished and unpudlished works is included
at the end of the report,

11, THS TP R BRITTLENESS PROBLM

4, Relation to Tempering Treatment

1, Precipitation Reactions during Termering

' The tempering of auenched steel involves primarily the ;
formation and growth of corbide particles vhose cormposition is a function of
the chenical analysis of %he steel and the tempering treatment employed, The

! internal stresses produced wmon cuenching are simvlteneously reduced, Ac-

b commanying these changee %1sre may be other reactions which depend upon the

rhese equilivria existing at the various tempering temperatures, The phe-

nomenon of temper brittleness is believed to be the result of cne such
reaction,

Iron, vhen heated into the temperature range im which it

becomes austenitic, cen dissolve considerably greater cuantities of carbon,
oxygen, nltrogen, phoephorus, and many other substaices than can be dissolved
at lower temperatures at wiich the ferritic vhase of iron is stable, The
! | rapld allotropic change which occure when steel in the austenitic condition

: le quenched will cause the dissolved substances to remain in solution in the
} ferritic phase in greater or lesser degrees of swersaturation, Reheating
| quenched steel to temperatures at which diffusion can occur will result in
the precipitation of the elements or of compounds of tle elements which were Lo
in supersaturated solution after quenching, -

SRS SN

In addition to mossessing different solubilities in ferrite
and austenlte, most of i':e nonmetallic elements elwerys found in steel in
more or less minute guantities are increasingly solublie in ferrite with
increasing temperature up to the lower critical tempersture, Consequently
the temperature at vhich steel 1s tempered controls the amount of wrecipita-
tion which can occur, Fizure 1A represents a solubilitr diagram in which
the solubility of element X in iron increaces with increasing temperature,
An amount of X equal to X, is completely soludble at the temperature Tos dut
when the temperature is reduced to T, an amount of X equal to Xy remains in
solution while an amount equal to (X, - X;) ie precipitated,

Whenever precipitation from a solid solution occurs, the
precipitate first forms at grein boundaries and then randomly within the
greins, When the total anount of precipitate thet is formed ie very small,
the precipitate is largely confined to the grain bdouncaries, A theory to
oxplain the embrittling effect of the temper bdrittleness prec&pitation ia
based upon the existence of the precinitate at grain bounderies ‘,

¢ Raised mumbers refer to numbered bidliography at end of report,
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. specimens vhick had Yeen embrittled by holding for various tinmes at temmerature .

time—temperature—transformation diagram shown in Fizure 13, ‘Yhen steel is
terpered at a temperature above T {anproximately 11 .00°F) the temper brittle-

ness constituent is completely so?uble at the tempering temperature, If the

steel is now cooled rapidly enough to avoid the nose of the "C" curve, the

constituent will ve retzined in solution and no enmbritilement will result,

If, on the other hand, the steel is cooled sufficiezitly slowly from adove the

temperature To' the cooling curve will intersect tae "CP curve, and precinitaw

tion and consequent erbrittlement occurs, the degrec of vhich depends unon

the lenzth of time spent in the emdrittling range of femperatures,

Steel which Zas been tempered at some temperature iz excess
of 1100°F and water quenc,ed ter temmering to mrevent the temper bdrittle-
ness transformation may Vecome embrittled if it 1c subseauently heated to
temperatures in excess ¢ arproximately TCO°F,

B, ffect of the Temper 2rittleness Transformation on the Physical
Properties of Steel

1, Impact T-omerties

Tor steels wiich do not become enbritiled by any termering
practice, it 1s found tist the impact resistance at anr testing temperature
decreases as the hardness is increased, Figure 24 demonstrates the more or
less linear v euations“*n Yetireen immact resist2nce 2ad hardness of a fully
quenched steel’,

The termper orittleness »recipitztion, vhich occurs by the
mechanism 1llustrated by the 0" curves of Fizure 13, ganses the relation
of impact resistance to Rardness to become less sirmle Tre dehavior of a :
typlcal steel vhick can 2ecome edbrittled by temmering 1s shown by the curves
of Figure 2B. The impact resistence increases with ‘ecreasing hardaness wntil,
ir this cesse, a tempering temmerature of approxinmetely 3HCCF is reached, )
Ia the range of tempering temperatures of S50°F to 1'000“ the irmmact resis-
tance decreases becanse =f %he ircreasing amount of nrecinitation vaich H

oceurs during the temperluc oneration, The Zdecr eace in immact resistance
resuliing from tempering in the range of 8R0°F o 1000°% occurs in snite .
of the fact that cont14ﬂql softening of the steel occurs, ‘hen the tempering E

temperature is at 110097 2nd higher, water gquenchias zfter tempering avoids »?
tae embrittlement, whereas furnace cooling does znot, The relatively small
increase in the impact resistance of the furnace ccsleld specimens temvered
above 1000°F is largely traceadle to the greatly reduced hardnesses develoned“
at the ! igher temperinc uerneratures..

The irrezular shape of the curves in Tigyre 23 can be explained
by referegce to Figure 3, which was plotted by EZollonon” from data of Greaves
and Jones”, The curves of Tigure 3 were obtained dr Craving lines through
points representing constant decreases in the immect resistance of a series of

within the embrittling range, All specimens had received an ideatical prior
treatrent which included woler quenching after temmering, The similarity of- :
the curves representing coastazt decrease in impact resistance to the *C" curve.
of Figure 13 1is significast, I¢ was on the hasis of these curves that Hollomon
nade the reascnable asswmtiion that the amount of decresase in ifmact resistance
18 proportional to the amount of emdrittling constituent which precipitates.
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Iollomon2 rpnlotted dats of Greaves and Jone53 in the marner

shown in Figure U vhere %he variation of irmact resi twﬁce for constant
tempering times in the enbrittling range is plotted ngrinst hardness. To
cebtain a given hardness using different tempering tincs the tempering
termerature was necessarily wvaried, The data of Tigure L can he ful 1y
exnlained by a consideration of the "CU cvrve shown ia Tigure X, It is
amparent thot the loss in limact resistance demonstrated v the specimens
temzered for 10 minutes, 1 Gour, and Y hours resilted from the precizitation
of the embrittling constitvent at thé termering groturae since the speci-
meas were, in all cases, uvater guenched after tempering, Mo embrittlement

occurred durins the first I oninvtes at temeratvre the entire rance of
Sempering termeratures, indicating that the noge oF "G ecurve was locaded
.t least h minutes fron the nbscissa on the time sc As the lengt:r of
20lé at the tempering teounerature is increased, the irmact resistance for

o consta 1t hardaess decreases 2ecause more mreciniitaitiosa occurs at the longer

holdinz times,

e ne effect on iltmact resistance is 2
significant m e i 1eness. Ll 5hough thie effect is
oréinarily con t rering of %he itmact resistance, this
is net true ver se. Tor oo bgﬁ;an'+ﬂﬁh of mow ra Livect resistancs h‘ steel
is sffected nyv the tevwer 1“1uVlenesq translormotion 1% is necessarry %o con-
sider tre wayr in which i- 3 it the testing termeratur

In the cass o rormel unentritslel snecimens tested a2t various
temneratures, car betwes 1 10097, the i:,d t ceeictance at the lover:
temperature almost inveric FJ" =11l De less than at the higher temperature,
The change may occur cradually or adbrumtlr and the curTe mer have any one
of an infiaite number of shapes depending oa the micrestructure, strensth
ard ouality of the steel and tha form of the immact srhecimen, Lovering of
the lmnact resistance is accomanied »y a change in ths fracture from a

ductile fidtrovs one to rrotalline fracture, : wie chanze in impact
energy is gorunt the tOFDoraﬁure or femmerabturs rarza o§ vaich this occurs

is referred to as the impact fransition femmeratvre or transition range,

A%
[}

Actually the effect of temper drit ]el
al

ss 1s to displsce the
impact temmerature curve in such a way that anr chsr 0

m one level of

impact resistence to another or from one tyme of fraciure to another oceurs
at 2 higher temmerature tirn for specimens vhich are otherwise identical

except that ther are uneAﬂ"i tled, The shift in the irmact-temmerature
curves is illustrated in Fizure § for two typical stenl © with twe degrees of
embrittlement.

For the stzel of Case 4 in Figure 5, the impact resistances
at Ty and higher termeratures are the game for the ardriitled and normal
specimens, at T, the normsl snecimen and the one with the least amount of
entrittlement are the sane, Dut at T, 211 the sneclnexs are different., Tor
the steel of Case B the“° 's some difference at all three temperatures, If
T35 Ip end T, revresent —-0°, 470°F, and4l07°F, respectively, then Case 4
mar be considered to de a uxpi al steel which has been fully hardened and
temmered ~nd Case B may s con red to repreosent the same steel incomuletely
herdened and tempered, Thus i ap vears that temper brittleness may or mey

not me detected by i"nact tests depending umon the aormel immact character-'
lstics of the steel and thie testing temperature uucd ‘

T~
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The degrrne of temmer orittleness indne e
expressed bv the suscentibility ratio which is deﬁ ined 2 is
tance of a non-embrittled smecisen divided Ly thnt of the embrittled smecinmen,

T:is means of quantitetive oxpression is of valve o~Li— if 4% ie determined
for a temerature within or -~bove the Immact transitics range vheon the irmact
test at that termerature £lso represents service :o;l;tions. FTor the steel
of Casze 3 in Figure 5, deternination of lhe suscepnti’

ature below Ty would not afequatelr indicate the {e
nay lead to erroneowns conclsisrns regarding its aﬁe

2. Tensile Pronerties

e emdrittling nrecinitation are noit readily
n t e reduction pf rnro- values of static teasile
ome evidence o aromalous tymes of tensile
fractures with very slij:t reduction of static dvctilivy but these occur only
wnen steel is very severeclr embritiled, t hog ofter Deen ohserved that tre
elastic limits of water quenched, hence unembritiled, snecimens were lower
then those of embrittled smecimens but this ras ustally been atiriduted to

the difference in the resilvnl stress condition., T-o gh resicdual stresses

,.‘

in water cuenched speciners —-ould be e:nect d %o lover tre elastic limits,

The effect

recogaized 2y any alterat i

tests, There aas, however, Ueen
d

)

s
bl
it

C. Factors Affecting Tl Stscertibility o0 Teer Trittleness

-

1, Allor Content A

Plain carbon sizels con tal“hlg 233 trhan avoroximatelv 0,6%
ranganese ars net susceptinle %o temper brittlene \s. in general, tue
suscentibility to temmer brittleness inersases wiih increasing amounts of
tze e”OV1n; elemnnts most commonly added to sveel,7~s"°1v, mangarese, nickel
and chromium,. Recent worlt at the Watertowm Arseral’ on a series of in d;cti ca
Weltea 0. Zod\ca?"on and O aO% 101¢b enun steels conftrining varring amounis of
manganese, nickel, and chrondium showed that all three eteﬂe 1ts increase the

1

suscentidility to temper brit: 1eness. Tigure 64 showe the ratio of imact
exergies of specimens which Zad bheen ‘urnace‘cooled'aft ar tewnerlnz to speci-
reas which had Yeen water gquenched af%er tempering nlotied against the sum of
the mangenese, nickel, and chirsmium contents, These steels had all been
cuanched to marten51tp, termersd at temmeradureszadove 1150°F and tested =% =

terperature of -L0°F,

Renlotting of the same data descride? ghove shows that any com—
bination of nanganese, nicizel, and caromium havinm a constant hardenability
(using Grossmann's nv7+‘ﬁ’rln< factors) will have abont the same suscentibiliy:
to temper brittleness, see Figure 62, It may be inferred from this that the
relative effect of these tiree elements upon the suscentibility to temper
trittleness is of the same ordfer of magnltude as tieir effects upon harden-
ability. langanese apnears to have a muck greater effect upon increesing the

usceptibility to temper brittlenezs than does eidiicr nickel or chronium, dut,
on the other hand, mangancse is also muck more motect than the cther two sle-
ments in ﬁncrea51ng ha;dea aHility,

Holybdenun nz veen fourd camable of cenmletely elimlnating
the loss of impact resistaice resulting frem slowly cosling after terpering
in low end in some mediwn allo steels, but when the suscentihilitr to en~
orittlement is very high, ao¢vbdenlm may lower but will not entirelr elxminaue

8-




the tendency to embrittlement, Iolyddenum seems %o lover tae susceptibility
to termper drittleness primarily dv lowering the rote of transformation dunring
temmering or during the slo cooling through the erhritiling range, The
lo"e“lﬂ? of the rate of tra-sformation apvears to te accomplished bv the
shiftinz of the "C" curve to the right in exactl—r t:e same fashion that
mclybderum increases the Nardenability of steel br ghifting the pearlit
curve to the'right. Data exist which show that, :iver steels containing mOLy~
bdemum are tempered in the embrittling range for verw long times to allow
maximos nrecipitation to ocpur, molybéenun actuallr increases the fesree of
t~e resultent embrittlement’.

e fWen

Tanadiu~ ayvears to increasse the "vscent*kl‘it to temer
hrittleness only slightly, Tin, oxygon, and phosnhorus ammear o incrsass
the susceptidility more or less markedly, p0551b1# Baecanse they cam3e COn-

siderasle al%erati-n of the impact vs, temmerature cirve even vhen the stercl
is not embrittled,

“he exact rachanisn wherehy allory content influences temmer
&
ele] r

emdrittlenent is not uvnderstood, There ars, howaver, at least two ﬁo segible
exvlanatisns for this te erior. Increased pllow contente nar ghaift the solu-
2.8 8! n Tigure T4, or nzy cavse more of the

Bilidy line to the left, as shown in =
\ .

element responsitle for e S8 tc Se wresent in steel, shifting
]

Q
B
[42]
o
2]
(SN e]
D
J
<t

&y
the amount Srom X, in steels of 1 ibilitr to X' in steels of high
stscentibility, as shova ia Figure T3,
>
2. Licrostrucvure \

Secause of fact that the trme o’ (istridution of micro-
constituents ir steel 3Loxov*n1* affact hoth the Imn=ot energr level and the
shape of the impaci vs, ”wfrpuu*e curve, the maaifestation of temper
brittleness throuvgh a lo-ering of the immact eneriyr of ambrittled steel is
greatlr influenced %7 micrgs? r“ctﬁ*e. For exarmle, steel heat treated to a
tempered mar*ensitic sirvetore and free from temper Trittleness will suffer
a traasition from ductile to brittle fracture, as (etermined by impact testiing,
at low temperatures. If thz same cteel is moderatelr temper embrittled, the

still be below roomm
mact tezts at subzero

[ntehy

i
=t

termerature of brittle frocitvre will be raised,
temperature, It weuld thex e 2ecessary fo condn
temeratures to deternine that the steel had Yeen riviled, Tecause room
vemceratvre tesds will —iz21d identical re°w|+s for the vnenbrittled ani the
erdrittled steel. IS, fhovever, the same steel is incommletelwv quench hart-
ened, so that the micresiructure consists of mixivs 27 tempered pesrlite

it
ct
e

or bainite and n a‘ten91ze, tiie Yemperature of Srint Tractare is radzsd and
naw ve in the vicinityr of roont temmerature, I v sarie steel is nov termer

ezbrittled to the sama2 extont as nreviously, the ure of brittle
fracture mar now be considerabdly hisher than room tenﬁerature, Room temmera-
ture impact teste will, iz this case, distinguiah ductile and

the bBritile steel, vhereas room temperature immacs tg vould fail to dis-
tinmuish between tne dactile and the tem“er brivt nortensitic steels,

- A consideradble amnsunt of effort ras Meen wnsuccessfully ex—
pended in an offort tec Jemoncirate, Dy Gdetallograni-ic means, the cceurrence
of the termer briitleness precinitete, Recantly, houvecror, an etchant has
been developed at the Tatertowh Arszenal which shovs o grain boundarr attack
on emdorittled steels while vnembritiled steels ghor .10~corresponchnb attack,.
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3. lelting and Refindng Practice °

There is considerahle evidence thnt nernr stoels made in a
hasgic furnace have lower suscentidility to temmer mrittleness than acid steel
of similar cormosition. Thiis is Yelisved to be dne to the higher sulfur ond
phosphorus contents of acid s, It is not at all wausual for ccid stesls
produced Tor some ordnence

¥k ements %0 have a comoined total of sulf
end paosnhorvs contends ; 28 that of basic sieel
senerally no more thasn half ~% amont, It i1g %elieved that the hisher
sulfur and vhospihorus contents of acid steels lovrer e qualit" level and
thereby raise the temperatare of Hritile fractrre, -
is surerimposed wpon tie effects of high sulfur ano
loss in impact resistance becomes more marized
iritially hish qualiter,

ur
°
ig

v termer brittlenecs
nosmnorus contents, ke
the steel ig of an

Alamninon s=o less tendencyr to hecoje
. + a 1’:
termer embrittled than trested with aluminues,

is robabT" fe, at 1» 2 ] e eflect ¢f aluninum in ﬂecrpa"’

* and cuality levels,

in general, the apnarent susceptihilii: of a cteel to temper
ed. - tae factors which iaflvence the shane of the curve
of 1mpact 78, temperatu“e Tor the unemdritiled steel, These factore include
the cleanlinass and frecdon {rom sepreghtion, the ancunt of rolling or
forging, and the criertation of the smecimen with respect to the rolling or
forging direction,

III. - ATCIDAICE OF TEPIR RIITILIISS

A, Selection of Chenical Composition

1. Zarfenenilitr Considerations

For comconents which require throutgh hardening and tempering
as their heat treatment, t:e selection of & cremicel comosition is beased
vrinarily on the hardensbility requirement which is Cevendent on the 31"e anl
form of the item whez it ic treated and uvon the soveritr of the cuenc

Waere optimum impact properties are desired it is necessary to consider that

the” susceptibility of steel- Yo temper brittleness increzses as tae amount of

alloy is increased, For {-ie reason, as well as e econonic considerations,

it is fdesiradle to emplor %e minimum amount of 2llior %hat will vermit com-

plete nardening with %he quenciiing wractice used, It ic obriosus that the

quencring vractice shcul te an ¢érastic as messidle, realizing thet quench
cracking and excessive distortion must Ye aveided,

>

9 ordnance structures in
vhich the section thiclmess is so great 3hal verr hi

Svecial consiferation mist Ye given t
employved if hardenadilitr sofTicient %o n¢00"~e il ke
8
K]
s

rdening upon water
queaching ‘is desired, &4s siown in Tigure &, the suscontibility to temper
Brittleness bhecores so vromouiced that e"orltt’e. n k!

cularly in view of. the ~e1"1ve1v slow cooling rase
sections ﬂurlng auenching

A din @

wiilch oceur ir hesvy
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Tt 45

v

conot be avoided, marti-
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Tabhle I contains data obtained at
eries of experimental obGClu designed, with the

ion, %o wrofuce martensite umon
ibilitr to temper Yrittleness was determined by &

‘}r’-d-m

was simulated by air cooling 2 one-inch diameter »
teimmerature, The data indicate that thick sections
tivility to temper dbri
~eier guenched after temmering,
Figure 8, to show that for J-inch plates the naxii
tainsdble is lower thar the optimum value by 2
rnearly proportional %o the susceptibility ratis,
Zadle I {2.5% Or, 0.50% i) h
10% in thickness and has 5931
2t harcnesses below annririrg

The data of Table

section, Tae saqcewtlfllzcv 0of this steel et
rovever, that inferior siocit nromerties vere o‘*a:
cection even though the sterl tas quenched fron -
The retempering of small sa:
strated the megnitude c¢f %

Steels "o; 2

& of the 2,5%
transferm to an ess ntlulJﬁ T microstrucivye
seciion sizes involved, Teve when temper
beth steels develon excellen +,i act nrcnert;e
temper embrittlement whatsoever in a UM section
moderately temmer embrittled ia a 1O thick section

Taus, the necessity for coming with
nent in comn031t10Ls desizned to vproduce adecunte h
sections may often rearive ths specification of an
selected Decause of its low sgusceptibility to temme
ability to produce essentially bainitic structor T8
¢f orecipitated ferrite or mearlite,

L X IR
VR

e
auenciing in &' %:ick sections,

e

OV
S OU

arvown Arsensl
zi%ion of the last cemmosi-

7

from a

The susced—
treating emall secticons,

Tae water cuenchlng after tempering of seciions avironizcsely €7 to 87 thick

from the temmering
steels of high suscep-

ittleness will be brittle in heavr sections even ~hen

I aore been vlobvied

frachi ol anmount

wle

er

"‘\

mea irmact re51stance faxo

wrich is
last compositica of

28 bDeen nsed successfully for sections wm o
Tound to possess excellent impact nromerties
tely 260 Brinell as o in Tadble II.

Steel To, 1 of Table II was desisned 0 ossess sufficient

hardenability to complesely itransiorm to ma—teﬂs:;e oo quenching

amrittlement is so greas,

= in a un

in the middle of tre

~e termering temmerature.

ul‘

e ot

e quenched

cns ond from the center of the section demon-
zascentihility to tommer “rittleness,

T,5% Mo tme wiich
in the

ed %o anmproximatelr 200 3&F,
Stecl Fo. 2 develoned no
12 steel To, 3 was only

severe temper erdritile-

ey

f.a

N »—g

rec

ariensbility for heavy
46 r-alloved steel
Hy

ttleness and its
-]

- S e v
3ritileness

2e 3ffact of Comosition on Temper

Tre effects of the various elemanis
arittleness have already ees osatlined, These eff
ze

2
rial

aromoting temmer

ects o the various allors

tozethar with the econ omic asnects and their moegsitle
quench cracks sxhould conslidered in the seloctioh

It is well t0 exmhasize agaia that
allors and other varia
ness is net
toward embrittlsment
adverse ef

curing tommering or during ¢o

In -
in

effect in causing

of an allor cormmosition,

nost cases, vhere othner
Sles cre such that the suscentivility to temmer drititle-
to0 f;teat, o3 t0 5% of molrddenum will Qecrease the tendenqy

aling efter temwering, The

fect of molybdan:: after mrolonged neat'*" (2=

in the embrittling ronge ia seldom of importance in =o

-1l

matter of manw davs)
jor ordnance itens,

ron injurious amounts
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. Iffect of Compositinn on Temmering Te-mernture

In some instonces it mav be neccssary o consider the eff
of the chemical cormposition on the tempering temme "~'v”e recuired to obi:
the desired strength or heordness, The effect mar “c¢ ¢ consideratle im-
vortance for steels suscentivle to temper britilencss vien the desired
strength or hardness is so izl that the temmering tommarature would be belcew
1100°F for an alloy steel wiich softens renidly unon uanﬁerlnﬁ. If the
reorired harfenability is odtained by use of chromin, :iolyddenun, vanadiam,
or other soch elements wiich reterd softening it mcr e nossidle to temmer
above 1100°F and avoid embrittlement by wrter coolinz Srom the termering
temmerature,

In this respect vanadium is marticularly effective, Er fae
addition of ,20% vanadium $o some alloy steels containing 0,30 o O, 10t -
carbon, hardnesses &s great as 380 to MOO Brinell can e obtained bv tempering
a2t temperatures adove 1100°T, To obbdaln such hardanssses in moderately eliovea
steels not condaining van:iivm, termering temperatures below 1100°F are
required and thez temmer brittleness drecipitation occurs during u“e termering .
crele, resuliing in the immeairment of the immact wrorcrities,

- -

3, Avoidance of Temer Srittleness in Steels Samered Telow L1CCCF

I% a5 vesn shown oot for steels which are tewperad below 1100°T the
temoer drittleness precinitntion oroceeds at the “emmering temperature and
water cuenching from the tommsr is only slightlr offcctive in mreventing
embrittlement, Thus, wiesn “he bemmering temper: %5 in the embrittling
rarge, the man ufacvu_r? alcics of%en have to contand nimecif with %eeving the
enbrittlenent to a minimum rather than entirely =li ing it, The safe-
gusrds that should be emplorel vien temper br“ut~33€98 s expected to be a
problem in stesls temmered helow 1;OO°F sre the use of tae ﬁanﬂur allov
content required for full hordening, the 248iticn ﬂI 2t 1
to the steel, and the usec of the highest termerature-sior
cvcle practicable,

Tre reason that the termerature-shcriest tompering time crvele
aould be emmloyed vihen tem~ ag in the embriitling resnge of temperatures is
that the rate of softening ases more rapidly wiilh increasing temerature
than fdoes the rate of prec “‘ ion of the temper britileness constituent,

It may be possivle o zvoid temper drittleness, wariicnlarly where trhe
items to be treated are small, Br departing from ﬂc*"e¢~1nna1 tempering treat-
neats vhick usunlly invelve nolding iimes seldom less %:an one hour and oftex
.5 mich as 18 hours, The nossidilities of this mrecefsre are illustrated W

. &8
Tizure 9 vhich presents date O

..l

gi%n
for treasverse T-no3ch: Tsrmr cpecimens from.a
gun tude of relativelr “ig sire ngth. e curve AR is represcentztive of the
nroperties of the original %ube whicik was bempered in - the emdrititling range :
at 060°F, Curve 3 remresenis the properties of sioll guenched soecimens
temmered in the emdritiling —enge at a slishilr Mizier lemmerature and then
furnace nooled. Curve A represents scecimens ireais’ lie those in Curve 3
but water ouencied from the fezpering tewreraiurs, Oiive C represents small
guenched. specimens temperal Yz tie same harfiess® =g %e other soccimens bud
at & temmerature above 11Z3SF for a very s:o*‘ tl: . folloved by weater
cooling., The difference Yotveen curves A and 3 cax Te ¢ casidered %0 revre~
sent the bYrittleness convgel O ncomnlote \e.deni*: “nring quenching andi by

»lethods of oPtaining equal hardnesses with different tlue—temnergture termer-
which hes -

ing treatments were first Zescrided in a Vatertown irsensl Renort
beer absirscted in the form o7 Tecknicel Sulletins™Y,

wl2-




the different tempering treatment. The difference “etween Curves B and A
rerresents the temper oriitlezess that is a consequence of the method of
ccoling even when the temmering temmerature is below 1100°F, Finally, the
difference between Curves 4 and C revresents the termer odrittleness that
develons at the termering temperature and is a conscouence of the different
tine~-temperature combination without any effect from cooling rate,

These data indicate thot tempering treatments involving temperatures
avove 1100°F, short holdls, end weter cooling woeld De better practice for
develoving hizh impact resistarce at a high herdness ihan present conven-
tional tempering <treatments, The practicabiliis ¢f this procedure is
limited by the size of tic iten to oe treatea, sae fepree of control which
car e erercised over time zud temmersture of temperinz, and the necessity
for preventing hariness graiients traceable o Semmersiure gradients., Short
tine, high temperat“‘ Termer
A

Ty

ng cycles reouire a Jegree of control not
»08sible in all wlants, and suffer from the Aisadvartage that relatively

AF 8y la
slight varia tzcns in termering tirme and temerature nny wroduce laree varia-

*in
tions in marsical mroverties,

‘o
2

C. ivoideice of Temmer 2ritileness in S%eels Temmiered ahove 1100°T

The nrobiem of temmer Tbriltleness in stesele ~hich are tompered at
temmeratures atove 1100°T %o mroduce the desired marsicsl properties is
simmlified to *he extexn® theot the temper brittleness itransformation Aoes not
proceed simultaneously wi%: the temmering reaction, 5Such steels decome temper
extritiied only during cooling from the Jemmering temerature through the
rorge of 11009 4o KOCST suificientlyr s‘Ohd? $0 2llow the transformation to
occur, Obviously, temmer erdritilement can be most eflfectively preventsd in
otaels tempered avove 11009 %y auenching the steel in water immediately after

thdrawvel from the temmering furnace,

~

Vater guenching afier tempering, wnfortunatel:, is not always a panaces
that is readily apnlicanls in all cases, Yater auen i-g from the temmering
termeratvre mar induce so vandesirsble a stresc condition that the mart may
distort excessively furing subsequent machining cor nor vnrfo*m unsatisfad-
torily in service, CGenerally, however, sufficient tolarsnce exists in armor

structures so that the slizht distortion eagendered oy water quenching is not
serious, Zmerience will ouickly uncover those cases in vhich rapid cooling
from the tempering temperainre must be employed writl. discretion, It is
nossitle to0 reduce the residual stresses slightiy o removing the material
from the water quenchiasg otz when it has cooled dovm to adout 009 and
allowing it %o cocl to rcon tempersturs sleowly., Limewise, after the water
quencihh from the elevateg tempering tennerature, 2 retormering treatment at
about 600-700°F may vprove veneficial in loweriug the siresses ehout 20 to 108
without denger of embr*ttleueq Recause of the swooth crlindrical contours
of gun itubes, producers hsave e perienced little Jifficulty with Aisterticn
folloving water cooling Iron the temmering temner: 'TE,

i
2

-
po%
LS

"8
o

D, Yelding and Siress Tsolieving Prodblems with Stosls Suscentible to Temmer
Trittlencss ' '

The welding of steale guccentidle to temoer br
introduce the éanger of entritilement because in e
from elevated temperatures are usually ranid and the

itsleness does not generally
liments he rates of cooling
e time gpent in the om-

ot
Fe

brittling range is short., 'eldling mrocesses, suck o8 “Alonmelt welding, “hich

\
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involve the heating of ratiher large masses of mete) rar result in temper
brittleness adjncent to the eld beceure of tha lower cooling retes and
consoouent incroase in the length of time spent in the embrittling range,
These same nrocesses mey Ye undesirable from viermoints other than temmer
brittleness hecause of tie mour mrovmerties resulting “rom the nresence of
high temerature transformation nmrofucts in the base metal adjacent to the
veld,

The stress relleving of any steel susceptivle to %temper brittleness will
impelr its inmact provertier when the stress reliering is conducted at temper~
atures within the emdrittling range (700-1100°F),sea Mlmre 3, Some relief
of stress without loss of Limact properties can Be aczomplished at temars-
tures w to 700°B‘1 but the stresses will rarely be dscreasel bv more than
anproxinately LO% 1. Tan elfect of stress relieving 2 suscentible stegl
within the embrittling ronse ias shown br the data of Zreeves and Jones- md
is plottedlén Pigure 10, Tie fata in Table III, suyplied By a producer of
caast srmor™™, indicete tiat tenper embrittlement durilis stress relieving in
the anhrittling range cal Ye sonewhat reduced Ttut 2ot eliminated by mirimizing
the tite at the stress relieving temmerature and rater ovenching after stresn
relieviag (theredy iaducing adfitional streszes),

Stress relieving it -»ut langer of cazging te ar enwhrittlenment can be
rerformed at temwersiturss in ercess of 1100°% providin: the material is water

guenciied after termmerinz, The water quenching necaas=rily induces o gtrecssed
cwndition, dut there ere many instences wiere the lotter stresses will de
more fevorably disvosed than te initial stressas the relief of which was

telred,
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BRINELL HARDNESS

EFFECT OF TEMPERING NICKEL -CHROMIUM STEEL

AT VARIOUS TEMPERATURES AND TIMES

FOLLOWED BY WATER QUENCHING
DATA OF GREAVES AND JONES®=-PLOT AFTER HOLLOMON®
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HARDENABILITY FACTOR FOR COMBINED Mn, Niend Cr

8. RELATION BETWEEN HARDENABLITY AND
SUSCEPTIBILITY TO TEMPER BRITTLENESS
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EQUILIBRIUM DIAGRAMS
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o————0AS RECEIVED; WATER AND OIL QUENCHED FROM 800 °F,
TEMPERED 12 HOURS AT 960%, AIR COOLED.
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