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Watertown Arsenal Laboratory
Report Yo. WAL 630/14.
Job 7'o. 175 20 June 19 41 5

Temrzper Brittleness and. Its Relation to -the HEcat T-reat.rien t

of Ordlnance Materiel

AB S TIUCT

Temper brittleness is so-m.etimes responsible for -he low irmfct resista:nce
of various items of Oreuiance materiel. It is -oarti ci"_la-lr imuortn-nt to avoid.-
this type of embrittleme-nt in armor plate and cert-::.in gv= tubes for iwhich
high impact properties are necessaryt for satisfact-oirr service life. Tempe r
ermbrittlement occurs during:

a. the period. of slow cooling from temperinag terwoeratures above

11000~F

b. termoering in tie ran-ge of approximatelzh 7000?- to 11000?-,

c' reheating to te-rrpera-tures between approximlately 7001Y and.
11000? after once quaenching from the tuenmner.

Temzper brittleness is cau~sed. 'by the precipitation of some u-nidentified.
constituent which manifests ituself primarily "by lowering; the notched. bar
innact resistance or, m.-ore correctly, by raising the temperature at 1-hich
brittle fracture occurs. "Ine melting Pand ref ining2 practice, the 01irection
of the test specimens wihrespect to the rolling cr forging direction, the
type and distribution of the microconstituents, and n- other variablerswhich
influence the normal iimrpact cha-racteristics also influence the apparent
degree of embrittlement caused by tem-pdri ng treatments.

Manganese, chrom-iiuzn, and! nickel inCtease the tVenC-ency f or temp er brittle-
ness to occur as well as its severity w-hen it does occuir. Steels of equal
hardenabilities containing varying proportions ofE these three elements appear
to possess approximately equ-al susceptibility to te.mper brittleness. Oxygen,
nitrogen, phosphorus, and! tn also appear to Increase the susceo t ibilit.- to
temper brittleness, 'but the effect mayr be due to th--e fLact that these. elements
also lower the impact pro-perties of the uneirnbrittleO. ste'el. in low and. medlwa
alloy steels molybd~entiu is so effective in retarding th-ýe precipitation of the
em-brittling constituent thIat it can be employed. to elimina~te or decrease '-he
susceptibility to temper brittleness.

Various means of elimi"Ainting or minimizing t*irbrittleness are as
f ollows:

a. Employ steels containing 0.25% or more of" 7mol-.bdenUm.

b. Dirploy the rninirmun al.loy content necessavr -for adequ~ate
h ardenab Uiity.
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�~ c. o Water quench after tempering especially if the tempering
temperature is above approximately 11000,.

d. When the tempering temperature must be below approximately
110007, employ a tempering treatment involving the highest
temperature an& the shortest holding time p)ractioable and
water quench after tempering.

e. Whenever neceassry, select an alloy composition, such as one
containing approximaetely 0. 15% vanadium, which has a high
resistance to softening so that a tempering temperature in
excess of 110007 will be required to produce the desired
hardness, It will then be possible to water quench after
tempering and avoid embrittlement.

f, When choosing a composition for relatively thickl sections
where high impact resistance is required a.n. where the section
size is so greet that water quenching n'ter tempering provides
cooling rates too slow to prevent embrittlement, select a
steel which will have only sufficient hardenabilit.v to avoid
the formation of pearlite during quenching. By virtue of the
lower alloy content, as compared to a steel with sufficient

alloy to permit full hagdening, the steel rill be less sus-
ceptible to ter.per brittleness. High ir.rpact resistance can
be obtained in such bainitic steels only when they are tempered

A to relatively lor hardnesees (approximately 200 VM or 85,000
psi yield stren-X.th).

g. Stress relieve at temperatures either belo, or above the
embrittlement rangge of 700OF to 1100l7 and follow the high
temperature stress relieving treatment my water quenching.

W.,+ 'hite

Associate lietallurgist

A. -urlich
Associate IAetal lurgist

AP1OV3D:

Lt. ol., Ord. Dept.
Director of Laboratory

LA •
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I. 1lTTIRODUOTION
Sor certain itemsof ornance materiel a high degree of reeistanceFor crtai items o r

to shock loading is necessary for satisfactory perfornance. During &to
service life, armor must be capable of withstanding extremely ranid alPli-
cations of stresses which may exceed its yield and tensile strengths wtthout
more than local yielding and. without the lose of its structural integrity,
Artillery, rarticularly high velocity guns which have thin walls and high
strengths, must have a hir!h impact resistance in orcler to withstand. pro-
longed firing, In all cases the impact resistance miust be maintained at a
reasonable level at all sei'vice temperatures which rim,,- be aFs low as minus
40-F on the ground and minus 65*2 at flying altittd.es.

It is apparent then that careful control must be exercised over all
factors which influence the toughness of steel. One of these factors is
temper brittleness aM. it is this phenomenon with wheich this report is
concerned.

It has been known since approximatel, the turn of the century that
certain alloy steels are sibject to brittleness if t"heir have been slowly
cooled from the tempering te•m•erature or if thevr have been tempered within
a certain temperature ran.e. This is the phenomenon of temper brittleness
to which considerable attention was devoted shortly before and during W;orld
War I. It has often been called 11rutppkran1heit (7'rup:.? sickness) because it
was observed in Krupp nichel-chromium steels which orere widely used for guns
and armor,

From the beginning of the present war up to the last half of 1943 the
problem of temper brittleness in ordnance materiel nre.cced in the United
States received little attention partly because of the iidespread use of
low alloy steels which are relativel', unsusceptible to temper brittleness
and partly because the necessity of high resistance to impact was not At
first recognized in certain ordnance ap.lications. '-However, as strategy
dictated the trend towards heavier armor it beceo'.e necessar, to increase
the alloy content of such steels to maintain harPdenability adequate to
produce essentially martensitic structutek upon quenching. It was'UiMediately
found that impact properties were obtained which wei-e lower than expected for
tempered nAartensite. It was at this time that the 7atertoun Arsenal Labora.
toir became aware of the role of temper brittleness in causing low shock
resistance. Almost siiiultan.eously, there was e. trend toward the use of
higher alloy contents in onms in order to develon fully hardened structures
to obtain the high impact resistance which was consiclered necessary for suc-
cessful functioning of new type, highly stressed C= tubes. Tus, the exist-
ence of the oroblem of teoper brittleness in guns becane 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, Captain J. H. Hollomon of the
Physical Metallurgy Section of the Watertown Arsenal Laboratory conducted an
extensive literature survey and analyzed the available information in Re.ort
ro. vi0a3 63o0/I, entitled "Temper 3rittleness " A Critical Survey and
Interpretation". It is the purpose of this paper to summarize some of the

S$ concer.te contained in the above mentioned report andC to suggest practical

7 -3
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S• methods whereby the temper embrittlement of ordnance material may be either
• completely eliminated or at least minimized. 1*'•enever .,ioseible, data obtained
• from various sources are included to demonstrete the suiccess or the limits-

tions of the proposed methods of combating temper brittleness.

A bibliography of pertinent published an& taipubliihed works is included
at the end of the report,

11, T I _P:M -RITTL- .MTf PROBI I4

A. Relation to Tempering Treatment

1. Precipitation Reactions during Temoerinc,

The tempering, of cuenched steel involven primarily the
formation and growth of c.rbide "particles whose composition is a function of
the chemical analysis of the steel and the tempering treatment employed. Mie
internal stresses oroduced voon ouenching are simiulbaneousl7. retuced, Ac-
comran-ing these changes there ma. be other reactions which depend upon the
phase equilibria existing at the various temnering te)rperatures. The phe-
nomenon of temper brittleness is believed to be tho result of one such
reaction,

Iron, when heated into the temper.tuire range in which it
becomes austenitic, can dissolve considerably greater quantities of carbon,
o.gen, nitrogen, phosphorus, and manuy other substances than can be dissolved
at lower temperatures at which the ferritic phase of iron is stable, h.e
rapid allotropic change i.rhich occurs ,,,hen steel in the austenitic condition
is quenched will cause the dissolved substanoes to remain in solution in the
ferritic phase in greater or lesser degrees of supersaturation. Reheating
quenched steel to temperatttres at which diffusion cea occur will result in
the precipitation of the elements or of Lorounds of the elements which were
in supersaturated aolution after quenching.

In addition to possessing different solubilities in ferrite
and. austenite, most of t'.:e nonmetallic elements alwe,,s found in steel in
more or less minute quantities are increasingly solluble in ferrite with
increasing temperature up to the lower critical tempere.ture. Consequently
the temperature at which steel is tempered controls the amount of precipits-
tion ,-!hich can occur, ri•re 1A represents a eolubilit, diagram in which
the solubility of element # in irou increases with increasing temperature.
An amount of X equal to Zo is completely qoluble at the temperature To, but
when the temperature is reduced to Tl-, an amount of X equal to X1 remains in
solution while an amount equal to (Xo - XIl) is pre.cibitated.

Whenever precipitation from a ooliV solition occurs, the
precipitate first forms at grain boundaries and then randomly within the
grains, When the total &aioilnt of precipitate thet is formed is very small,
the precipitate is largely confined to the grain bonc'.aries. A theory to
explain the embrittling effect of the temper brittleness precW tation is
based upon the existence of the precipitate at grain boundariesf*.

* Raised mbbeas" refer to numbered Vibliography at end of report,

&



time-tenp eratur e- tram sformnttion diagram shown in '24-7nre 1B. !lien steel is
terý.pered at a te.mnerature above T (approximately 110001,) thie temner brittle-
ness constituent is completely sofu~bl~e at the te mperings temneratnre. If the
steel is now cooled rapidly enorgh to avoid the nose of thie "C"f curve, the
constituaent will be retained. in solution and. no embrittlement will result.
If, on the other hand, the steel is cooled suifficientl-.' slowly from above the
tenpperature T the cooling curve will intersect th:e "Cfl cturve, and precipita.ow
tion 'and consequent eritrittlement occurs, the degree of vrhich depends unoon
t'he length of time spent in the e-mbrittling range of temperatuares.

Steel w~hich haas been tempered at som~e temperature in excess
of 1100"t and iater quLencheOL after tempering to '~eetthe te-mper brittls-
ness transformation may boecone embrittlerl if it is sulbseauently hMeateed to-
te-reratures in excess cf zq-,roximat ely 7001F.

3. Mffect of the Te~mer 3rittleness Transfor-"ktio. othe Phy s ic al
Properties of Steel

1. I-mact 7Pronerties

-or steels ~yi-*ch_ do not become enbrittllea. by an7 te-jering
practice, it Is found th-E.t th-e impact resistance at a~r;, testing te~nerature
decreases as the harezess ii increased. Ficire 2A de:-_.onst rates the more or
less linear relationshin lb t':reen impact resist-i-ce andý hardness of a fully
quaench-ed steel

:%-e temper -brittleness -orecipitvatlon, ii"-cbh occur-s 'by the
mechanism illustrated bý- th-e curvTes of Figure 1S, aases the relation
of im -,act resistaance to h rdness to become less si ioeý.Tebhairo
traical steel which can beo'cembrittled. 'by- te.m-pezilný is shown 1byi the curves
of Figure 23. The impact resistance in~creases '*'r tL 7ecreasing hardlness Mntil,
in this case, a tem~pering ter-erature of approx-inat13ly 950`7 is reached.
Ia the range of teneering t e-_eratUres of 550c? to rj-C'Q0.- t.he i =-nat resis-.
tance decreases because cf the Increasing amount. of -necinitation which
occurs durzingý the tem. erin,;ý o'eration. The decrease in ivmact resistance
resulting from tempering in the range of 950c? to 10D0O0F occurs in SiTite
of the fact that contina), softening of the steel occurs. Inen the temer-ing
temp erature is at ),1Q001,- end highier, water oqlen&hingi after tempering avoids
the embrittlement, whereas fur,=nace cooling does not. 'She relatively small
increase in the imnract resist-ance of the furnace cooleed snecimens temaered
above 1000103 is largely traceable to the greatly re-'co hadessdeeod
at the higher tempering- te7z'Derbatures._.

The irreguz~lar slhape of the curves in 1,it~e 23 can be explained
by ref ere ce to Pigure 3, w!hich was plotted by 1Follonon from data of Greaves
and Jones * 2.e curves of 'igiigre 3 were obtaineFd byZ erawing lines thrau&
p~oints representing constant .decreases in the irmoact resistance of a series of
*specimens which had been emwbrittled. by hold~inC for vnrious tines at temnerature
within the embrittling raage. All soecim~ens, had received an identical prior
treatment vhich included wznter qaenching after terTvnering. Mie simillarity, Of
the curves representing constant .decrease in ýitpact" resistance to 'the '.1elCW'ri
of Figure 13 is significent. It was on the basis of these curres that 116liation'
made the reasonable asmt=Dtion that the acount of decrease In iftaet resistance

*is-proportional to the amount, of embrittling constituent e~hich precipitato*.

Peceding Page Blank
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-7:110on2renLottecd data, of Greaves ancd Jones3 in the nnariner
t s2':1o,-,r in Figue 4i ý-bero theC variation of iniract rosictionce for constant

te:-ering t-i-.es in the e-lbrittling range is plotted6 ags-n'st harclness. ýo
obtair. a given, hardness uigdiff erent te M;.erinag ti:.ics theý ternoerinz
ten-_crritiae was necessarily varied. 7-h6 daqta of 7igyz-,e LL c 0 be full.y

e:m 1 mlaired by a conside~ration of t'h-e "Olf curve q*'o-k-m in i!-gure I. t, i s
PI:nare-t t2-t t-he loss i-n izatresistance eosttcbyt>.e 7"ecimer5n
tem-,=r-0 -for 10 minutes, 1. h-Our, and 4i hours resul.tec' fr:om the, rroobitation
of the-- em-~brittling- constitue.nt at the tenne-rinC te!.o or-.tnre sinceý the.se:

1nc rpwre, in all cases, waoter q *uench ed afte tc e ffix:; erI o =mbrittl n- nt
oc curre cc durinf, th. f irst 2mnts at tretue o ei- thie .enrt ire rangre of
:einperinE te~r.ý.neratures, indicating that the nose of "C" clarve ,,,ac boc ted;.

least 4 iue frcm tae abscissa on the time scale. As the length of
nold% at, thne tempering to:: ee:a~tnre is increasecd, th.e im,".nact resistance for

a, constpnt hardness 6.eorcases e-,ecq~use more -preoio7-.tnation occurs at the lorn,-e-r
r'.olliný_ times.

it is a-20 :Paorent thant t'he Pf:".eo. o',moc reciqtpance is
si,,,:aific-ant manifrestationý OC tep-Der 'brittlene~ss 1.1' ý010 th!-ic e-ffe-,ct is

oriaiyconsid"eredt to ;cs mrel je breigOf th.l~ i-maact resistance, this
is not, truze e se. :cr on -n-l''to of `0ow t> oa"?ct resist-ance of steel
is rfifecte i >'7 tlhe te-.-e:" Inittleness trPansfor7rmtion!- it is necessary, to con-

sidr te I-Pe. in hc i'ctresistnnce? -):ar 't th t4-t._ te-er-ature.

:n the cas-, o' nor alne-mbrittlec' secinmels testel P.t various
tein-oeratu-res, zc:i* bet,,reeniý_00 n-2. -10-00 7, th.-e ncmct. ra ict.cc at th-e lower
te:",erpature almost be lcsabs tIKll be less t' e hiF_.ier tem-peratulre.
-. e c_ 2FMe MAeV occur o :lyor abr-,atl7y a:!, e or-e a~ mn- ave ar_7'f one

of an ;nfinite num~ber o-f sa-gTes depending on t~ e ,icX ostructurc,s-trength-
and o ,ualit,:- of the stsool and_5 theL form of the fi-,wv"ac s--ecimen. I-o-"eringcof
the i-Moact resistance is naccwom-aniedý "o-a c'nango1 - tP' facue from a
dI'actile fibcrovus one to a cr-rst'alline fracture. ethe ohaz.7e in i-ro.act
energy is abrmt the tempnerature or ter.T erature ra-.3 ro V at'hich thl-is occurs
is referreA. to as the i-oact transition te-moeraturer c:- transition rang7e9

Aet-aally the ef-fect o-f tepper 'orittleness is to displa.ce the
,.tact te-roerature nurvye in su~ch, a uwar th-at arrr- chonsce~ from one level ofP

ii-iact resistance to anothler or -from one t"o ffatr oaohrocr
at a hip;-er termnerpature than for specimens which are. ot-her',*ise identical -
except that they7, are unem-fbrittlee. The sh if t in th-e icrroact-ýtempoerature
curv es is illustrated in, lliýýtre 5for two typical steoý2! wilth tw-,o deorees' of
embrittlerment.

For the st~eel o-f Case A in Fig-ure q, tho iact resistances
at ,, and hperter-rperat-ares are the samt-e for th.e ermbrittlea andl normal
s-p eclmens, at Tthe nor1mal s-oeciraen and. t'he one wth he least amount of
em'orittlernent are the sae u t -1ll the snecirceas :ire different. o r'
the steel of Case B there isrnc some1.-rate~rtxc.i

an rsn 70 andtlY) 0F, res:7ectively, then Case An ersn 7 ~~rneataltretmeaue. I
Mw'- 'be considtered to be a t-mical steel whlich h-as Ibeon fully hardenea- and.
te-inoered. %an Case B may, -co conside-r-ea to repnresent tesame steel incompoletely
hardened and toempered. n--ius it avnears that temp'er borittleness may or meav -

not be detectedI by i-ract tests derendiag unuon the nomlimnact character-'
istics of the steel ane. th"-e testing temperatiire ':sed.



The d~egree of tersoer brittleness inF'.Acc,' in a steel h~e beýen
exoresserl bv t7.e SitsýCe-tilajli tv ratio whicha is -,:i~.~s the irmarct resis-I
tance of a no-mrt"~c moecimen d~ivirled. 11-7 th7t of thle eabrittled. scecimen..
Thi s 7e an s of quantit,-tkive- -:ýoreqsion is of val,:.e o if i.t ic dleternineril
for a te.--eratnre '-it-.in or fnbove the i.m,.act -r:sts:range 'hnthe rm~aot
test at that ter~ieratare rJlso represents seirvicp. co.-ýit 'ons. For thLe steel
of Case 3 in Figtire 5, Lee',int ion of t~he suscept)A'ibiity ratio at a temner-
atu're "beio1ýr T1 -ould. not a~cutl~indicate t'.e -.e!Zreo of embrit-tlement and.
may le.-,,. to orroneo~ias concl-'c.ý!ios regard.inp its i~c-for service.A

2. Tensile ?r:c~nert-ies

T~he effects o" thne embrittling rreci:".5t-.tIon are not repd~ilyv
recognized. ?.n,, alteration in the rse~uction gf ~z'.values of static tensile
tests. Thnere has, jho~.evej!', bUeer, some evi~elnoae o:-~:~lu tý_ces of tensile
fractioLres ",rith veryr si iht eductlon of static Iactility but these occ-ar or.ly
-when steel is veryr seve~re)--, em7brittled.. It hasv oftern 7een ob.servt'eo, that the
elastic limits of 'rater qyie:'ich ed., p!ence Lnembrittulcl., s necirmens '-ere lower
tlhan th1ose of embrittleci! .mo.esblut this has asudl>l. been attributez! to
the Ctiffereý4ce in the s~u. stress co~ton. Tz hg rscia trse
in -woPer c'uenchcd. s-perime-.-. -o-'.d. bte e.--.ectecT, to i'o'er t'-e elastic "li7its.

s.usctibilit ij *ýcS:.c-t'blt t _ýltlns

thie allozrinjg elements most. conri-only7 ad.Led. to steel, namely31, mqnzanesn, nickel
an ' croi q. aecentvr - h oCate w on a series ofiný ctc

melted. 0.3ý00ýcirbon arCL .05 0jmol-,r-bdenum steels co~li~var-ing asmounts of
manrganese, nickel, end. c" -c-Omium shom.eed that all th_-rec cleements increpse the
Susce'ntilbility to te--er '-ai t leneoss. Yigu_'e 6A so. the ratio of i~rmact
ennerggies' of soecim ens ~.been furnacp.'conleed. Pfter termorirng to S73eci-.
nens 1-hichn 'had. been 1,rat~er c1.,2enched. after te~peri n- -ol otted. against th-e sirm off
t;hs mangaziese, nickel, c ramiu contents. h-ese -steels hacO. all been
cueune,-e. to martensite, temr~at tec190rcaov J.1O' and tested. at a
tenrmerature of .i40c?.

Re-olotting of th.e sane alata deescri'b~-s' c:bove sho.vxst that an,- cona-
bination of mang,-an-ese, nickrel, and. chromium. havin-.'' a constant hardenability
(using- Grossmann' s mialti-oal.ing factors) -ill have +ou te same, suscentibýilij-
to ter-er brittleness, see Figure 62. It may' be i:erred- from this that the
relativ7e effect of these tv.=ee elements i)oon the ssetiiiyto teqper
brittleness is of the saeozrder of magnitucle as the.ir effects =pon hardlen-
a bil3ity. 11an-ganese, ap7)eaxrs to have a much greater effect upon increasing fý_e
suoceptibility to temper b-rittleness than. 3oes eithecr n.ick.?el or chromiltm, 'but,
on the other hand., manF.-anose is also much more -sotetl 'th-an the 'other two ele-
ments in increasing adecliv

~:olydenr~ h : een found ca &ole o- ccmletel eliminating
the loss of imnact resist=.oe resulting from sloi.ly cooling after terperizig
in low and. in some mzediusil allo:?, steels, but when. th-e suscOD'tibilit-:to emý-
brittlement is ver-! hiGh, Liolybclervin ma~y lowe r but wilnot entirelr elimininte



the tendenC~r to e"'orittlemnent, ::ol~rbe.cnum seems to lo-e.r thle susce-ptibiit7
to temner 'brittleness rrtilari17, 'by low-ering the r~eof transfor~rmation etui rnl-t
tL~en'ping or ca'2rinr the !do-:' cooling throu&h thne ebitngrange. M e

'lowerilnp. of the rate of -tran-sformation aopears to -, cco~rzli shed b-v the
shif tin-, of the 0"CT curve to the ri~-t in. exactl-, t*.e spne fasi~on that
mclybdenun increases the >r.ebliyof steel b- hftu th.e nearlite fict?
cui-e to the'right. Data. excist which ghow that, *'.e:. steels containir,7n'2017:-
baez1u2ar te~mpered in the e.-,brittling reange for ver-,, long times to allo-,

,nau )-rec-iniat-on to oc-,-.r, rnol-b~enum ac~tucall-~ ic:'eases the, A.erep of
te resultent embrittleinezto.

7VmnaOi-rAun nr to increase -the sceiiit'to t r:,--e r
rItteescl sihl.pn oxygen, anfl hs§ou a-re-Ax to increasn

th-,e surceptiloili t7, more or l.ess nnrke&b~r, rossibl- becus te7r c c:eonf-
ci,6ierable alterpati-n of t;`ie irmact vs. temmeratu.7re ocz--ve e-en, '-hen the- steel
is not embrittleý..

Sc eP.c ~ re al 11 o contoznt influences tem-ner

embri-ttloment is not um~rlcrtoo,ý.. .:oere are, 'erat lpast t'to nossible
exrlanr-ations for this beair*Increaser". a22.o-7 co.-.,e:2ets na7, shifIt the solu-
bilit7r line to the left, as sh':own in_ 'Tigurc A or nr'caiv.se more of the
elem~ent resnonsible f or tc:. 'rbrittlenoss to be-eetin steel, sh~ifIti ng
the a-mount from X3 in stools of lov~ s11scen~tibilit:-' to 2'?in steels of high i
srusoen tibility, as. sho':n 1azin !i~re 73.

2. Ucotutr

-ecoutse of the.. fact. thpt t + e~ t~ :.. CJ.stribatieon of mricro-
consctituents in steel ro'.l affect 'ht e tT' c:z en erg7r level anli the
shape of t'he imiae-,t vs. trn),ýrpt').re curve, tn-' -iavt fnei-tntion of ten-r~er
b ri ttlU1en e ss thr oi.gh a 1 o--e o-['o t"he- i m.ac t ren ' e C emb ýit tle 6. s t eel i s
greatly7, influ-enced b-i- crost:ructiire. For' exniz 1 I, 'nea treiated t o a
temperedi martensitic sr:tueand free. from te:-mer -brittleness w-ill sufrfer
a transition from duct-ile t-o 'brittle fracti.-re, a-. c-.e*ermi~ned by' imvact testinIg,
at ?.low t-mperantlures. If e sK2!-eýe cteel is mo~aer,-Ltel temrer embrittled., the
te-mnerature of brittle frcact':.re vrill býe raised, 7t:1,1t still 'be beloow room
tes-oereature. It -o.tit~- ec:eessar- to conrnc t -- attssa ~z
tem-eraitures to deer~n htthe steel ha, ")een e;:-'te~ ecause r-oom
te,.merpatr,%e tests will eiidentical res'JAts for 'Ycrem'orittle.4 erm. the
embri ttleE steel. If, ho01-07vr, thep same steel is in-c~c,.letelyx quench hr.
ened, so tha-t the miicrostjri-o~t-re consists of mi.-t'.c.ro temne zree' pearlite
or bainite an& martensite, the"-P t~smeratu-.re of bri--ttl ,-c+-r is raite~ anEc.

r. be intevcnt fro e.rt'e tel is %~o- termer
em'critt-led to the same i.--n -s reviousl-,, thei te!-)eratmrp of brittle
fLracture ma~now 'be co-nsiclerablyr hir'lher thawn room te'-7erpature, Roorm tenmera--_
t-.z-e i-mact testc will, in this case, distving':iH 7e~ei h dciead
the crittle steel, vhnereas room t-emerature iac.tests ,-oule,.faill to &IS-
tin(-7aish 'betwteen the duactile and. the t .ermper brittie mnrtennsitic steels.

A consiCderalble amutof effort h^as boeen '.successfullr sx
penaed in an -nf-rort to e_-ontatby:et -ogr.ic jmeans, the occ'~rrnce
of the temp er brittleness nr-eci-nttate. Recntlmhen':o, an etchant -has

been developed at the %'Ptertowii Arsenal which shý:s rain, boundarr attack
on emfrittled. steels whiAle vzembrittlea. steels sn" o corresonding attack.,



Tere is cor-siclerable evidence th-t cn st-?els rnaco.e inl a
baqic furnace hae o-er s~cpiiiyto tempIDer- brit-tleness than aciO. steels
of sirmilar cormosition. ~½is býelievedl to -be ~.oto the hig.her vei.lfur er!f.
phos-o' orus contents of ac-.- csteels. It is not at' all? rusual for :rcid. steels
pro 0 uce& -fr so Me ornne:"rm s to h ov a cco.-YoeO. tot Pl of szavr
F.nd -p;los-horts contents in e::-cess of' O.O7Yo, ~nra &ctof "basic steel ist
c-enerall.y no more. than h-i.f `!i,ý ano'.int. It `sboiee that tne hge
sit.Lftr ane- -phos-ohort'.s con-tsents af acie. steels 1lo'er, tP.e qtuality7 level and.
th'ereby- raise the tem-ceront',ze of -brittle 7rn.ee en temoner brittlenFcss
is Sl:.eritý,se uOS, ;-On th-e e-r-:eci:s of high snlfur a~6 ;cý-horus contns ~
los~s in irmact resistanzce . ecemes riore mrhdtn: -h-the steel is oza an.

zuitallyhiýh quality.

AlhL.inuri Iile stefels gVenerallzy S*.02. leýss tenrlen~c, to 'ýecn;sC
te.mYper oem-brittlPE th-1an tc of sinilar pzalyrs-s -1otl trer.te. with alxrirllvm!.
7nhfe1 irs 'rcb'abl- :1.ýc, cat least in pa~rt, to thne efCfec-' c2 xf nu in 41ecreqnini
t'e grain size of stee. ?l! in raising býoth. tie -- ,A~c cn .- alit'T levels.

In gen-ral, th.-.e n-o-arent suzcentib)ilit-- of a Cteel to te~n,ýer
brittleness- is af-fecte, 2y. the factors which inflluence thle share of the curve
of irttact vs3. tem-perature 'or the unembrittled. stoeol. 7These 4factors inclu;.e
the cleanliness anr. fre(!.on froin sepr er,*tion, the encount of rolling or
forging, ane. the crientatic:: of. thle snecimen wit h remnect to the rolling or
forg-ing, cirec-tion,

III. ZK'C1D7C-: OF TZ!F: mTLR

A.. Selection of Ohemical Cozmposition

1. `aroen-abili t- Considerations

?or cozrionenti7 7hich 'require thro-o.-;h hnce~gand. temoerin-
as their heat treat!ient Q, .'e selection of a chemnical co.--ositior. is baseO.
-oririarily on the -hardeaability requirement which is cevoendent on the? size pmd7
f or7 o-f' the item, w-hen it is tre.-ted Pund. unon th e seeiyof the maench.
ý'Tere optimum i-pact- prc-,)erties are desir'ed it is necessnry to consiOder t~ha-t
thle' suascep tibiliS.ty of ctec2- to termer brittlenecsicess as the anmount of
alloy i~s increasel.. For t-.i21ý reason, as w-,ell as the economic considerations,
it is edesirable to e-mlo: t`he mini;pm amount of allo-y thaet .dill verrnit coln-
plete h~ardening with the c~echn Li ractice iasecd-. It Ic obvious tihaPt the
quenching -cractice shoula 1:e a,ý erastic as rcs sihieo, V-Liiatht Cquench
cracking and. excessive Elstorotion must be avoided,

Soecial conside.ration :rust 'be given to oro-nRance structures in
which the section thi.-c!ness is so great that, ver~r i:alloy content-, rxst be
emr~loyed if 'hardenabilit-.!sfiin to -.roF,.-.ce fu-1l hcdning upnor -~atear

Quench-ing -is desired,. As s~oni 'gr ,tesso-tibility to toirrer
brittleness becones so 7vroniorlced. that embrittlem.ent ":vino t 'be avoi~ded. *narti-
culxrly In vier of- the s. veyslo coo2 in:v rates w-hich occur in heavy~
sections .durirng quenclhing.



Table I contaoi:.ýs datsa obtained. at ",trrtow- Ar,.qn%'J 7 f ror a
seres of ezoperimentaJ. steels d.esigned, with the emayotion of the last corrrosi-
tion, to rroduce martensite upon quenching in G", A:id! sections. The suscan-
tibility' to temper brittleness was cdeternined by h.'. t~ee~ting Small sectic's.
7-.-e wanter qu2enching -fte:: tel-afering Of sectionS aq;or: 30el7r 6" to S'1 tCick
was simulate&. by air cooling a one-inch Haimeter rown'. from the temn'ering
temperature. The data inlicnte that thick sections of steels of hip sugoeo-
tibility to temprer brittl~eness t-ill be brittle in he~'sections even -*hen
-rc.ter quencheri sfter teF.ýpering. The c~ata of Table I tee een *olottea,
3Fi gpae 9, to sh.ow that for Z-inch p~lates' the moimoirnýact resistance 01)-
to.Lv-ble is low.,er than t.he qoti~uxm value byr a fractio:w.;-% amnant, which in
ne=a7 I;pro-portional to the sosceptibil ity ratic;. helast compositi'Dn of
7-a ble I (2.5,ý Or, 0.505- ý::o). has been a.secl successfnrlly for sections .a to
1011 in thickcness ana~ has been fotuni. to nossess ezzoellent imnact wroperties
at hardmesses below, T~ ~l 260 3rinell as onin Table !I.

Steel "o. I of 7Tab'le !I was esce to -oossess suffi~cient
harcienabili ty to complete!7 trnnsform to marteasite unoc' qucaching in a 4
rsection. Mhe s cet~-of this steel to tenner w~irittlement is so great,
how.ever, that inferior WO nmroerties -rere oQtain .ý- t*".e :mile. of theý0
zection even taoi.-.h t' s H~ ;as quenchel from tie te~nzering temneratuare.
Zhe retempering of small sectins cut from the ceni-r !Lw' the section demoau-

WtAYe~ the mag~nitud.e Vz Ahe E3ce-etilil-Itir to t- brittlene-ss.,

Steels Ao. 2 ;:nc 3 -.re of the 2.9'- Or, E. o t7mne -1-hich
trmasform to an essentiall7 lainitic microstructur'e Vn.en auencheA in the
section sizes involvefd, 7e~ertheless, wehen teyrpere, -,- ý?promimate.17 200 B3EI,
both steels developn enoellenct .inpact nrcoertiec. Stos Yo. 2 eveloned no
temper embrittlenent whatsoever itn a 4" section -ý1.ila steel 7o. 3 We ON
Mo~rAtelv tenoer embrittlac-. in a. 101 t'hiclk section.

Thus, the necessity, for coping with~ seve-re tem..e~r em. rittle-
Ment in comp~ositions &esi~nel to produ~ce adea note .:arý`eaeb i lit-,, for heav7y
secti.ons r~yof ten reor.irQ tlhe specification of -aC n~er-allovc & steel
selected becaiase of its low suasceptibility to te~~rbiteesancf its
ability to produce essentinlly bainitic struct'uxen freo. from" iniuriousaont
of precipitated. ferrite or nearlite.

2. E'ffact ofL Co:7roosition on Tem-per Brittleaess

The ef fects of th--e various elements in7rommoting teAmper
!)rittleness have alreacq b)een oatlinei, Theso fet o7g. the variouc allo,--s
toseth~er with, the economic as7e)cts an& their apossil feti asn

q~uencli crack~s ehoul&! be co-.nsieasred in the selection of' an allo,- co-nosition.

It is trell to emophasize againtat !in ost cases, -here otihsr
alo.sand. other variabales -- e svch, thaat the svs~iiiyto te-mmer lbrittle-

ness is not too j-; !eat, .3to .4of molrbýeernam -!ill .crease t~he tendezeZ
towar& embrittlement W~rinay tc-Tnioering or auring cpsliný,- after tem~erin(. Mi
ad~verse ef fect of ofybe'~ ~ter rroloaged. heatiaiý; (an -matter of' r-ar;7Aas)
in the embrittling r:,nre 4.s sellom of i.stportazce in major_ ordnarce items.



70 2,ffect of Comntositionn on Tesreerina Te~erat'ýre

I n some instanices it maýy 'be necossixy *.-o cornsicder the effcctv
of the chemical composition on the tempering tenrpe-^nm.-Xre recqniredý to o')tni.n
the desired strength or Harc'taness. The ef fect -mac' >o c.. concic'.erable im-

* oortance for steels susce-otibJle to temioer 'britt"leness i-h.en the desired.
strength or hardness is so li~gh that tie temnering tc,--o::rnrature wou.ld. be bolct-
11000Y for an alloy steel. vwich softens raeiV.ly , o to--i. ring. If the
reoqnired har-4ena~bilit,,, is obtained by nuse of ch ix, ilberrin, vanadi-v2,
or other ea~ch elements ,T',ichi retc-rc softening it --,j'7 :1 C n ibl~e to teM(-.r
,,,ove 11f00'F and avoid. ezforittlement by i-Pter ccolin:. 'homte te-ne~rinrg
temneratare.

In this res-ooct vanaetiun is -,ar tic'.nlozlyr effective. 33- the
addit-iona of .20% vanadiwn to sone alloy steels cron.zg 0-30 to0 0 - L*
carbon, haardeaises as rca as 3 0 to '400 Brinell can hootained. by- tempering--
at temmoeratu.res ab-ove 11'Yý. obtain such hpr.nosses in. modernatelyý allo-red.
stoels not containing an2.2m ter-mering tem-pera'vzos "oelow1.1T1100 ey are
requ~ired. nan the temioei- or::ees rec4 itation- oc- .-s c-xring the termoeri;ng
cy cle, resulting in t4.e.i~~im of t~e :.'ractur:.r~o

B. Avoidance of 'Terroer 3,rittleness in Staels .:ordbl' .0F

:thsbeen shown. t:'st- :7or steels which-- are tneedbelow 1100L- the
te.-moer brittlenecs precij)i t:'ion -oroceed~s a.t th':e enrngte,-erat'2re and.
w-ater c7-enclning from ti-c t-ozs-er is only sit. &cvein 'rraventing
e mb r i t tleMPnent. nlhus S ih7na a he tem'ennc -i -,ý%t err ro C F in t he. om7b r it tI Ing

rang e, t'h e m anif actIVur ex oe of '1en h ave t o co0nte r >sc f wi rith I e 0-0ing the
embrittlement to a minimrm rathe'ar thaan entirel.,; cl.iai~i. 'h afe-
guý~ds that should be e 1-,-oye,!. 1'h.en temrper brittlen-ess is exnoectce,. to be a
poroblem i-n steals teer. elow! 110C0" are the-, use oxf thnini.-ur. alloy
content rcquaired. for fl aennthe ?.it e f P-t least 0. 29' rnolyb'ýPnum
to the steel, and the use o: th highest teeanes:rette.mpering time
cycle nmracticable.

Th.e reason that the-, hi-che--1-st ter.meraturo-s*-1ortest tonr7ering: time cycle
s'no-ld- be emp~loyed wlhen -.ce:mmering in the emb'rittlinmg r?:nge of temreratures is
t-hat thne rate of. softening*z6 L.ncreases more raoiclrz -:ithi increasing tenneratur-e
than~ edoes the rate of I~reci-i~tation of the terror br-Ittleoness cons tituaent.

It ma,' be possi"l toc av o i temiper 'brittleness, metiulrl' tere th:,e
items to be trelated are "alb-- 6eparting fro7n covninltemprering treptu-

nens hich sulyinvcl).ve h:olding times seldom" les- thfanr one hou,,r snd6 often
as uc as 1;, hou~rs. The los i'lties of thi.4s arc~ re ia -Ulustrated b
T'iz~re 9 vinich -present's clata -for transverse 7-notch -c-v occinaens from-a
gun- tiube of relatively iK st recn gth. Th e curve s J is re-orescntat17e ofthe
moro-oerties of the ori~inal t-ube -~h-ich !-~as temxpcered int-e mbrittling range
at 960'7. Curve :3 re-resez--ts t1h-e.-rozert-ies o-f s.-l i 1 ja-enched soecimens.
ter-~ered In the embrittlin- a~ at41 a sli;ý-tl hiz em eneratire. ank- -hen
-furnae !ooled. Ciire A -re-presernts s~eclmets tre!?ts:f li:-e those in Doz-ve R
but -rater quenc*Aer. from tete~oerirg te.-Terrature-. 1C-:.rre C re-pres-e.-s smo.l

qt she zecimenc emee to t:ýe same harA.h:ess* --. `-he other seoci~mens bu-t
at a te moerat-are above 11ICO; for a ver! short ti.ne 'L folo-7'eed *o- -iter

*coolin;g. The cdifferer.ce cwenclarres .AR- and e ca=- -e considlered. to ronre-
sent the brittleness ce..e ~inco~lote haxzelnlnqý rringr ueniing &an 'by
0*1ethoods of oldtain-ing equal h'ard~nesses 1-rith dif!Ferent tir-e-ter-- -r-ture te=.oer-

*ing tresetme-ts -~ere first described in a 1'7atertown~. rseiial T~e-nort9 ie
been aqbstrPaotei in the form of Technical. Bulletins *ý*



the different temperinýý trecatment. T~he difference beotween Curves B and A
represents t'he temrper bori ̀ Vtle:.es s that is a conseo~tence of the method,' of
cooling even -w.hen the t~ei-r.erin:. tem'~erature is 'belov 1100'7. Tinall7, the
Coifference *between 0arres A and 0 re-oresents the tenner brittleness that
3-eveloios at the termerilng tem:oeratuze and is a. cosc: rcaence of th-e dlifferent
tima-temrjerature combinatilon ,-,ithoi.,t anay effect :`ron cooling rate.

These data indicate W t tempering treatnmeits io-rgtmeaue
above 1100c?, sh'-ort ho1~.s, `nc't-.ter coo~ing i-ov26c '.) better tOractice for

d ..6oin hi pmact resi sta:.ce at a high.- haraness -p:a resent con,,-en-
tionall temnerinig tre-atme-nts . Mhe practicablitl- of pisrocedure is
limi ted! by the size of th'As item to -be treated, e e'A-:ee of control -1-lich
caZ ze enercisea over timne vend te.-verpature of te-ePs ndl the necessity
f or or-eventing ga~esra'.ients traceablIe to ev-'½.egrad~ients. Sho rt
time, h_,i~i temperat-Are tVe-:n~e.ing cycles recrair e a -~ of control not
nr-ossiblc in all -!olants, :'.sur-fer from th ~a~r t*e tht relatively,
siigh~t variations in teu~igtire and eeaOe:yoodc ag varia-
tions in 11'oh-sical ,Orooje.-ties.

V. -Fvidc oTeer 2-tlns in Steels e:rc.abýove 1100,0!

The 'iro b.em of ter-Ter ritens in stemýels ic.are temn-erea. at
tem-oeratu-,res above 1100? :. 17--, -ro&vce the desiredl -p 1ysicoJ. rrop'erties Is
sinnlified! to thýe extentl. t".Z~t the temner brittleness transformattion edoes not

Droeedsiultneosl '4h te emnrig reaction. uc.steels Io-come temper
etmcrittlied. onl-y .v~ring cooli.-g from the, 4ernnerinrr tpemmra-trer t`hroughý t'he
r,--ge of 1100'F to 50CcT ciýficientl:- sl6iurly to allow, t-,e trpnsformation, to
oc car. Obviously, ter~pr e.--..rittlement csn 'be most efiectively -preventeed in

Asteels temoered. abov-e 11000T by quenc'hing, the steel ini water imnediately after
itharawaýl f rom t~he t ara.ner -ing' fur nac e.

!X!ater quenching after tnmnering, un~fortiminAtd:-, is not PalWa7s a "DanaCea
that is readilyr axooý.ice~le i all cases. 1-7,tnr oe'a gfrom the temnerinjr.
teý-merature ma'- induce so undaesirable a streso co-n.dition that t'he nart may
distort excessively uigsulbsequaent macHining- or m noerformn =satisfad-
torilyr in service. Generall-y, how~ever, sufce totlar.rnce exists in armor
structu~res so. that the ý-It istortion ongeniore@-. -y~ator qluenching is not
serious. a-oerience will pni ckly uncover those cases in wihich rapid cooling
from the, temo ering terroeratZ.'.e must be e~oloyed -,it'-_ discretion. It is
-oossi'ble to reduce the residu7.al stresses slightly7 6- removing the material
from the water quonchil- boath whfen it has coole- dow to a~bou t 5O00"an
alllowýing It to cool to rcoo-t, tem-peratur- slowl-r,. LE~vwise, Pafter the water
quench from the elevatea temrpering 'te-mneratiu.re, a ret3Mnerir4n treatment -at
abouvt 600-7000? ma~y -prove "ben-eficial in loeigthe stresses eboout 20 to ~4M
v-1thout de-iger of embrittlement. necause of the szaoothi cylindrical contours
of gun tubes, producers ha-.'e e=-perienceed little - -cut .rth distortion
follow-ing water cooling f:rom, th2e tem.nering -termeratlure.

T !. e?.6.ing. and. Stress Rei~'n rbes'ith S-toels Sascantib-le to Tem'oer
Brittleness

The welding of steels suoce-ntib)le to temoer brittlenress -aces not CenerallY
introfuce the Odanger of emrabrittlemeat becwase I-n -emns th-e rates off coolilrlg
froT. ele'veated temperatares Pre usually, ranid. anc! the time spent iz~ the em-
'orittling range is short. "!ecleig, -processes, such '.o 7-nionmelt ,,elding, 4-_ h1
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involve the heating of.6 rather large masses of metel. :-ar- result in termper
brittleness adjacen~t to the "eld. because of the 2.-o=*e cooling rp~tep and
consocuzent increase in the leng:th. of time spent tn th'e embrittling range.

*These same processes may,' be undesira'ble from vie-.rootnts othor than tomner
britttleness because of thet 'ovr nro',erttes reulin ram the noresenoe of
high te-rerature transf'rriartion p~roducts in t'he base metal. adjacent to the
wel1di.

Thýe stress relievias of any steel susceptibole to terwoer brittleness -.il).
impe.Zr its itrpact provertier w'h.6n the stress :ei~n;is conductel at teirrer-
etures within. the embrittling range (700-11000P), see ?,.e 3. Some relief
of stress without loss ci iý c propertie.- can b.-e accom~lishedl at te,-era.-
tures =~ to 7007 1 1 but the -Stresses will rarelyr be rýecreasei by more than
ap)proximnately 4C4, q The effect of stress relieving a. susceptible Steil

wthi teebrittling; rcz,-ve is Showrn by% the d~ata of S'reaves and Jones- Mnd
is -. lottedlin ?igare 10. Zt-e C-.ata '.-. Table 111, '~Ili&by a-producer of
cast armor , indicate;ta e-e embrittlement cWLgstress relieving in
t'-e enb"rittlling range cc.-, cc soreýewhat rednceA liltt :not eliminated by,, mirimlzing,
th.e tt~at the stress eivn temnTerature ant'. 1ater. rqtenching af4ter stresr;
relieviag (there'by in~l.ncitV: a.ý?dti onal streseea),

Stress relievinr "± !st anger of' caastz.g te~rembrittlenent can be
nerf armed at te,-rrera.tuircsT In eness of 1100cnrvF~c the material is water
qu:er-clhed &f ter te-.rneriny,, ,.e ater quxenching nlaoe'z-rlly inýýnces a. stre'ýsedý
c~w9etion, butc there are nayinstpnces wheire, th~e latter stresses will be
more fav.7orably eAs-oosed >.nth-e initial. stress-2-i th-e r-elief of w~hich was

* F.eeirer..
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