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AZSTRACT

In orcer to uncerstana sose oI tne reasons whny
there is shrinkace 1n case carburlzed stock upon |
neating thirougsh the Acl critical range, a general cstucy
nhas been mace hnere of tie dilatatlon of iron, S.A.E.
1020, 1015, and 4615 stecls, both carburized: and non-
carburized. A stucy oIl sone guencned sanples was also
made. All tuese cdilatation curves were taken on the
Chevenard Industrial Thernal Analyser.

It has been found that all stecls have a tence.ucy
to shrink upon returainr to room teaperature after
having teen lLieated =abhove tre Acl range and slow cooled.
Cn any of tne above gteels exceot 1iron and carburized
stock, 1f 211 strainsgs are reaoved by a slow heat, a soak,
and a2 slow cool throuzh the critical ranges, then the
plece may be heated agaln, up and down , slowly through
the critical range and return to 1its original size.
Any noiece tliat 1s under a mechianical strain or one cue
to heat treating strains will ianvariably decrease 1in
size after heating through the critical ranre. A plece
of steel that has been gueqcued will recduce in size,
if it is only heated to 100°¢ . Any steel, if it

1s in the pearlitic state seemns to return to 1its

orizinal size, 1f it is not heated over the Acy range.
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Jase carburizec stock and low carbvon iron will siriak

no m2tter what condition 1t ieg in, if it 1is neated

above tiie Acl range ancd slow cooled. uenchiing of course
will ex»nanc stesl. If these two stoc.s are periectly
annealed froa avove the criticalso as to renove worx
strains and any otier str2ins oreseat, the niece will
not shrink necarly so mnuch unon rehcatin: throusn tue

critical ranres.
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It 1s known in oractice tunt case corburlzed
stock tencds to shring and warn unon he2ting tnrousn
the critical ran~es. The c¢ilatation of two carburizecd
stociks, S.A.F. 1015 and 4515 were iavesticated to fina
out what causcd the surinzace and how to »srevent 1it,
1t possibtle. A Chievenard Industrial Tlieraal Analyser
was usec for the nurpose. The prelimninary results
showed that the carburized stocxk always slhirang upon
heatling thiroush the critical ran.ce and slow coollns,
or at least cooled slowly encugir to keco 1t Llun thue
vearlitic state. e not only fouad out tiat tuie crrbur-
1zed stock shirank but also the non~carburized stocxk
hac tendency to shrink althoucn not so n=rked znd very
erratic. Thils led to 2 general study of non-carburlzed
stock torsether with a very low carbon, in orcer to
explain the more connlicated ¢llatation cf tiie case

carburlzed stocke.
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Firure 1.
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PPARATUS

Tne Chievenard Industrial Ther a2l Analyser used
1s a simple but delicate forn ot c¢ilatometer. It
consists of a gilica tute i.oldin:: a sanvle. Its expansion
upon heatingls transmlitted by a small sillica roc to trie
machine prooer wiiere it 1s enlar:sec approxiaately
seventy tlnes by a systen of levers. Thnls is recordec
on a ¢run moved by cliock work around a vertical axils.
The temperature 1s automatically recorced at thne s»ue
tine and on the same crum by tre exovansion oi tiie
gstancard nilece of non-corrosive alloy known as Dyrog.
Pyros nh=as a fairly const=aat rate ol expaasion, at least
to 1000°C. tne 1iimit of the mnz2chine.

A nhotorra-h of t.ie instrument is snown in flzure
1 with a furnace covering tne silica tube. Filgure -
shows a sice elevation of the apnaratus without tne
furnace and witii a2 cut 1in t..e silica tube to suaow the
plece inslice. Tie steel s=2mnple is a3 cylincer, -5
millineters 1n length and sixteen mlillineters in dia-
neter. The standaid oyros is tifty milllneters in
lencth and #our nilllineters in cia ieter. Tnls 1s

laced within the cylindrical hole wnich runs turoush

o}

the gtccl sanple horizontally or rttner lénsitudinally.
Poth pieces rest firnly a=zainst thne end of the tube.

The exnansion is traansgaitted fron the two pleces Ly




Fisure 2



¥ILIWOLYTNG  QYYNINTHI

i
il

ANNWNNSN )
RSANNANNNNS__/

T (T
il

L
—







silica rods to two brass roda ruuning taroush a busn-
ineg in the cast 1ron framework of the ua2cnine. These
vrods transmit the mctlon to two ar:s, wihlcn are sus-
vpended on points, by means of a mcving contact. Thils
rotion 1s in turn transnitted to t.e ven arms also by
slicinz contacts. The mechanism is kepst taut by two
sorinecs, as showa in tne drawing. The qnovenent of theze
arms 1s measured by a cilrcular scale wrich 1s calibrated
in 100°2. units on one side and exnansion in 2 ailli-
meters per nmillineter times lO_Bon tie otiiere These
units of expansion are so lar:..e that }20 of each s:ace
may also te measured cown to 5 deiree units. This
apnaratus nas checited results very well measurenents
taken on aninterfcroneter.

An auxlllary silica tube was used witio tiie ap-
parctus in t.ls exoerlaent wiilcia was much easler to
handle and was Jjust as accurate in most resgpects.

This oti.er tube was mnde for unmachilned gpecluense.

The tube in the far end was cut away 2 little longcer
than the length of the speclnen ac to tiie axis of the
tube. A silica platform supported thne specimen andé tue
pyros which are now placec sice by sice. The pyros
ucged here 1is 50 nilllineters lon: and has an 8 milli-
meter square cross sectlon. The samnle is mnade soane=
where near the sane cross sectlon and is also 55 wmilli=-

meters 1n lensth. A Lslf clrcular cut out of ti.e tube






1s used to cover tiie pnlece. The svecliaens .aay be
cooled more ranicly and iy he rendved without first
removing tihie silicn tube.

In eitiner case oure »Howdecred charcoil is inserted
in the tube to keen away oxidatio, wiicih would antur-
ally 1introduce errors into tnhe results, If tiie silic:
1s eaten away by the iron oxlce. The pleces are hieated
with a horilzontal tyne, tube muffle, electric furanace.
The current 1is controlled with a finely ~raced rlieostat,
so that tie rote of heat may be controlled very well.

A gmnall ~mount of heat may be used winile coolings, so
that nost any coollnz rate nay be obtained cown to an
alr quench. A very fast heatlas rite aay be osbtalined
by heatins the furnace up tefore putting tne furnace
over the silica tube.

As statec before the aovnnaratus is fairly accurate
but, errors are introduced, 1f the proser care 1s not used
in pvlacing the wedc-es behind thne rods to acdjust the
helzht of the pen arms. DBeside the ceterioration of
the silica tube there may also ke a sli.it anount of
slionagze, 1f the plece 1s not placed properly. This
results in one or both of ti.e hands coanlng backz btelow
nornal on coollng.

As stated before tirere are two curves on *ne crum
craph. The unoer is 1s ruled off in 50°C. lines auid

the lower curve 1s trhe c¢ilatation of the nilece. The
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c¢ilatation readin~s are taken for every lOOoC.
tennerature and points wiere *here was an chiange in
eitner curve. These polnts were plotted, dilatation
on the orédinate and temperature on the abtscissa. The
heating curve is so0lid and cooling curve 1s csshed.
All 1020 pleces are nhot rolled, flat, bar stock.
The 1iron 1is hot rolled iron thermocouple wire with a
garbon content of about 026 %. Thne S.A.E. 40615 and
1015 steel are not and cold rolled rod stock, respect-

ively.






S.A.E. 1090 Stock

rlain eutectold carkboa ste-1 13 used as a

[0

stanéarc¢ for calibrating tils uzchiine. Thils is usec
38 1t 1as only one critical rance to o thru or r:trer
tre malorlty of the plece nas only one critical to ¢o
trrourh, as may be seen in fisvre 35, of trne eculllbrium
¢iazran of Iron and Iron Cartice. Tnls stecl may be
heated un to the lower critical nnc will expand to a
l1init, as shown by tie s»Hlic¢ 1line ot curve 3 1In fisure
4. At tnhe lower critical tie steel will chance comnlete-
ly over to gama2 iron, and tine cementite :-oing into
solution without a chanre in teaperature. Tnis is not
true with other steels as n8y be seen by the otuer curves
on the same sheet. upon cooling the eutectold steel
shrinks until it hlts the Al critical auwaln. Tne oaiy
chan~e here until tle 1ron 1s chizaged to alpna is tno
rise of about 5 or 10 cezrees tiat taue:s place cue to
*he giving off of he=t of trnsformation. Tiie pyros
teine insice tne steel and very suall, 1s very gulcx
to record tiils evolutlon oi heat. This 1s one acdvant-
ace of the closed tube over tiie oden one. It will be
noticec¢ tiiat when tihie olece returns to its origina
size, as tils coes, tnat tne cian~e in exoansion at the
criticals is about the sane for the ciange fron algsha
to gamna as it is from ganna to aloha. On cooling tne

curve retirns oractically bacx *o tiie heatlag curve

-8-
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Delta Iron Regions according to Ruer, Ferrum,
Vol. 11, 1914,

Liquidus according to Ellis, Metals & Alloys, April,
1930.

Solidus according to Kaya, Science Papers, Vol. 2,
No. 4, Japanese Institute of Physical & Chemical Re-
search.

Top Quenching and Annealing Temperatures from

recommended practices, National Metals Handbook,
1930 Edition.

Reprinted from Metal

Progress, September,

Burning line according to Jominy, 1929 TransacH
tions, American Society for Steel Treating.

As, Ar;, Ay, and Ar, according to Hoyt and Dowdell,|
“Metals and Common Alloys,” 1921.

Line GPN according to Yensen, 1929 Transactions,
American Institute of Mining & Metallurgical Engineers.

Line SE according to Honda and Endo, 147th Re-
port, Imperial Japanese Research Institute.

Magnetic Lines according to Honda, 60th Report,
Imperial Japanese Research Institute.

1930.
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by the time the expansion or ;ania to alihia 1s coaclete.
This mus*t Te true, 1f tie coefficlent of exvansion 1s
the same on heatlngz and cooling, to hiave the piece

S

returm to its orisinal size.

S.A. L. 1015 & 1020
mone of the annealed steels shirink ktelow thelr

ori~inal slze when hLe~ted anywiiere below below tre hcy

critical. Curve 1, fl-ure 5, suows t..¢ ‘e tln curve
(s21ic¢ 1line) and *:ne coolln: curve (cusned 1ite) coac

witaia slotting errore of eacn otlere Curve 2 on tie

S

e ¢llatation of

o
m
2
m
B
-
k—.
Q]
—+
(W]

clece of S AJE. 1000
broze crua stoecx run on tie plztfora sillce tube.

After colcd a2rescelins a vrecilainary 2niesl of lV)J I'e
. E 5 J
O

for four nours. Tols was neated 1o 950 C. and slow coolec.

This “itce einz only one fourth pearlite does not siiow
muca reaction at tite lower critlicnl ronre. Tnls aay
be folloved also in tre ecullibriuvo dim.ran, in fiure 3

As the Lert re-ches tris rance =ot. .1y Ineamnens for
4 2

aw~zlle. T.ie te merature continues to rise until trcre

13 enoucsh ener-y vwullt un to throw tne iron 1a tine

pearlite into solutlon witn the cementite, foranlng 1slands

O]

of austenite in tne steel 22¢ causiny the slicat anount
cf shrinka~e. Thls =2ccounts for thie sa2ll nob on the
heating‘curve at 74006. Fromn thiere tre temoerature
continues to rise, the austenite continulag to absorb

more ferrite to foram more gamaa iron, consequently more
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shrini=a-e. Tils takes place until all tne iron or
ferrite 1s in solutlon in thc ~vsteilte. Tihen tie
austenlte on furtier henti o er.ancs 2s siown by the
¢1latation curve after 270°C. is reiched.

Trhe reverse tnkes viace on codlins. otiinz naovens
when thne teaperature lowers to the tneoretical, uvper
critical. The ternnerature lowers 70°C. below the Ac;,

In thls particular lnstance, before enou i encrsy is

tullt up to tirow ferrite out of solution. It tunen trrows
out cuite 2 cuantlity ot ferrite, accounting for tne
decided rise in the curve. As thie teuaderatures contlinue
‘to lower tiie leg= ferrite can be held in solution
accordins to tae equllibriua ¢lagran and collaroratecd

by tie c¢ilatatlon curve, wnich snows a contlinual expansion
to alnhairon as tre temerature lowers. Waen the lover
critical ranwre is ajyain reacned not-ing nanpense. The
magg, telng all chansed o aloha excent tie »otential
peariite, berins to shirink, and alli at once t.ere 13

the final change accounting for the austenlte cuanging

to pearlite. “Then tie metal 1s heating tarouru tne
criticals all parts not coanaing fron alovha to gamaa

or *hat have changed are expanclng even tuousnn tne total
nass 1s contractins. Thae curve reorocuced 1s tue result-
ant of all the rcacticns. The reverse 1s true wnen

cooling throusi tne critlicalse.

2>
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The t.ird curve siows a simnilar viece ov netal heated
up 1n the sae mnner. Curve 1, ia tiiure 4, s:.ows

21 S.A.Le 1015 steel heated un 1n toe s+41e nonner in 2
clozed silleca tube. Thils »nlece swows sli out snrink=zgc,
LLOWEVET.

In any plain carion stecl t:.e ferrite trrown out
of solution i: not oure iron but at le<ist a solid
solution ot 1ron =snc carton 1n soze torn 1o acout «02j.
Upon lorerinz to rooa tenverature tie carton conteat
lowers to .0Z%. 1In aosht egteels tols eftect is not
notlice2tle but it ins 2 ore anorecislle efiect on lron
containiangs in the nelsiibornood of 029C, us will be

shiown.

Iron
Pure 1iron seens to s.rink more tran nlaln carbon steel
tor some reason or other. It 1an't cdue to oxidatlon
eltlier, ag olenty ol cusrcoal was uscd altnouya tne
oven silica tute hac to be used cue to t..e {act t.at
the low carbon iron was in tie tora of no. S, tiermno-
counle wife. Firure 6, curve 1, shiows tils 1lron reated
in tie recion of t_e lover critical. Lue to tue fact
that solid solution r-n~e in ferrite 1s so suanll anc
thie eritical iz so vertical, ‘*tuoere Ls no sucden cuandce
in volune refore tefore t.e sanna ran-e ls reacnec.
Resides tierels no chinnge fromalpna to ganaa unless tue

iron in the csaentlite 1s =zanna.

-]1]1=
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Wien 1ron 1s le2ted up tarou-u tne critlcal ran es
2s =hown by curve 2, on ti.e sae sneet, tnere 1s a
different story. As tiec temperature runs over ZOOOC.,
tle expanslon slacus off sracually, as tie ferrite
s'r~cdually becones lenner in clssolves carbon accordlng
to tre steel clorran. Trnls neuos tint tlere are snall
oarticles ol =ucteiite foraed wiilci are - anin a.1C aAre
shrinkiss as the tenperature 1s increased a:nc tiie resic-
u-+l ferrite 1is gudcenly chzauec o gaanar 1lroa torain:

o wenk austenite. "Mhils is siiown by tine steep cdecreace
after 870°7. is reached.

Trhe reverse is true in cooling of iron also. Tne
nn jority ol thae werx austenlte is changed to lerrite
instantly anc tnen tnere is a clow decrease for a wiille
until all the reaaining aucstenite 1s crnaniec back to
ferrite. Then the cdecrense 1s more rapid. Tuls slusvisa
period 1s renresented in teaserature on ti.e eguilibriun
c¢iagran by the distance between t..e l1atersectlons ol a
vertical line representiayg an 0205 Carbon and the AB
and the line P3.

Flzures 7 and 8 sunow the iron, tuat Las been
anne=led at lOOOOC. for one Lour and slow cooled, at
100 and 59) dianeters, ressectively. The latter siows
tiie snall particles of ceasentite t.int are t..rown out or
solutlion, as tihe teunperature sHusses tuarough tiie range
PN, on t.ie eqguilibriun éia ‘ran. Thls napoened to be one

of the ricner areus in carbon ciscovered. Microscopleally



I'tcure 7.
Iron Trhermocounle Vire

100 X

Figure 8.
Iron Thiermnocounle Wire

500 X









the carbon conteat variec quite a bit.

S. A. E. 4515

The alloy steels are not culte true to tie lron-
carton eoullibrium diagram of course. Trne heating
curve is very sinilar to that of the 1015 steel exceot
for the spreacing out of tie AcBIrange, snown by tlle
flatness of tiie curve between 7500 and 82000. on curve
2, fisure 3. The Acl is also lowerecd at lenst 20%C.
Cn cooling tie action 1s very auch toe sazne as may be
seen by the two curves 1n filrure 9. The cooling 1s even
more slucrish, as the Ar3 is at least 40°C. lower. The
Arl is lower or a2t le~gst spread out s> tnat it still
hag sone etfect at roomn teuwserature. Thils soreading
out, of' the Arl, probably cue to tize slugz:isnness of nickel,
chanrces the coetfflclent of exvansion, 2s also mnay be ceen
in the cilagran.

Fileure 10, siows thie curve. of filve consecutive
ravid heats and coolings. It may be seen how heating
below the critical has very little eriect on tie surinkage

and as the tewerature 1is elevated into tne critical

rances, the greater becones tne siiringaze.

Cther Peculiarities ot lleat Treating.
There are a great nany variables to be taken 1into
account wien stucying the cllatation of steel. Unless
these are taen into account results obtained will seen
very unreliatle. Th2t 1g wiyy we stucled tiie plain
carton steels aloing wiltn tie carburized stock, taus

-] 3w
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clininnting some of the veriables. Two rrezt efrects
are, rates of Yeatl- g and cooliag, and ctier internal
straing oroduced by mecuanical work.

Everyone xnows tnat cuencnling in water or oll nzs
a marzed effect on the si:ace and strains o: a niece of
steel. Filrure 11, curve 1, 1is tre dilatation cuwrve of
a plece of S.A.E. 4515 steel tiat ;.23 been nueaczned
from 76000., in brine. Theze are bothh carburlzec
pleces snown here. The second curve is a plece tioat
has been furnace cooled on carburlzings. Lvideatly the
quenchins expancds the plece tecause wiien tie guencnhing
strains are relleved it siiould return somewiiere near
the normal size minus one normnal anneallng sarinkazes
The start and finish of curve 1 mnust represcat the
aguencred and nornal size of the vnlece nlus tne shrinxare
of an ordinary anneal, resnectively. The shrink in curve
1 minus the shrink in curve 2 anoulda slve soanewnere near
the expansion on guenching.

Filgure 12 siowg the curve of a piece tinat had been
ouenched froa the box. The first heat was to 190°C.
The second curve 1s a subsequent hezt to 330°%¢. and slow
coolese On curves 1 of figure 11, it will be noticed
that there are two cinances in tie coefflicient of expansion
on heatinz. These same jJogs would te in the curve 1n

sheet eleven except not so marked as tine guench wzs not

so drastic. The uvoer Jog is pre:zent but the lower
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Firure 12.
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Jog was removed by the 19000. Crawe
Even less dractlic heatg and cools have soiae effect
on the critical temonersture anc the amnount of expansion.
Tirils 1s egnecially true on larcer vicces. If 2 pilece
1s heated too ranidly tine outside will neat ud much
more ranidly than the insice. Tiis will cause 2 lowerilng
of the total exnansion of the viece at ti.e lower criti-
cal. ,As the plece apporoaches the lover critical the
outside will bezin to chiznge to gauna iron wiile tue
Inside 1s still expancing. Tils will havea tendency to

keep the insice of the plece from expandinge. Eence tu

5
S

total exnansiaon may bte lower 2t the Ac Also at the

1
AC3 the diop may n>t be so great due to the action of
cagse again. On cooling tire outside will a;2in reaci. the
APB first and the 1insicde will be held from shrinzxing
its full amount, as the outsice will be exvpanding agzain
to alphae. The sane dampling effect willl tage place at the
Arl. The net effect of heating a1d cooling is to flatten
out the exvanslon changes in tiie critical range on fast
heating. Cf course this effect would probably nct tage
effect on these smnall s=2mples used but there 1is a pDos-
sipility.

Probably the greatest factor causing suringagze in
non-carburized pleces besides guencning is strains set
up by mechanical work. Fisure 13 hias two curves of

iron thneranocounle wire lheat treatecd as receivec. Anc

figure 6 has tnree curves of tlie sane were tinat has been
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Firure 15.
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heat trexted at 10080- for one houre. The craln of tie
two 1rons are shown in tre next two filisures. Floureld
1s, as recelved, =and figure 15 1ls tie aanezled plece.
The first curve in flgure 13 siows no sariangase wien
neated ktelow t:e Acy and tiae seconc curve shows cgulte
a blt of shrinkarse. The fact that the siringage to

amnz2 iron 1s so much rmreater t.aan tize return to alous,

m

made us woncer, if some of the suriinkase was not cdue to
hot rolling or some oti:er mechianicalwork. We anne~led

gome of this iron at 1OOOOG., as snovms. Tnls siowec

a shrinxa_oe when lhe=2ted boin below a2né above t.ie criticals.
We blame trnls on the fact trat tie first two curves on
sheet 6 were obtained from pieces tiat were straicintened.
slishtly refore using. The thilrd curve was run froa
iron that was not strained in any aznner atter annealing
and tne snrinka~e 28 1t will be noticed, 1s a lot less.
If time »neraitted tris would nave been chec.ed.

Fizures 16, 5, 17, and 13 snow the saae thinz for
S.A.E. 1020 non-carburized stockxe. Filgure 17 sihiows tie
hot rollec¢ bar stocik, as received, and Flgure 1l8snows
the same atter it h-~s becn annealed for 4 hiours at lODOOC'
In comparing sheets 16 and 5, 1t will be noticed that
the slirinkase of the unannealed stocg 1s much grezter.
Also thhe maxliaum exnansions at tine Acl are 1inclinec
to be creater.

In lookinz over all tiiese curves 1t willl be seen

-16=



Firure 1l4.
Iron Ti.eraocoudle Wire
As Recelved

100 X

Filsure 15.
Iron Thermocouple Wire
Annealed

100 X
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Flzure 16,
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Fisure 17.
S.A.E. 1020
As Recelvec

100 X

Figure 13,
SeAeL. 1020
Annealed at 1000°C.

100 X
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that there is 2 ~reat dc=1 of uncertainty about tiese

o

curves, as to the anouats cf dilatation 1n eitier

“irection. Tart of t is nay he dve, especially in iron,

Y

to the fact that the line GPI 1o so neurly vertical in

firure 3. Tuhe composition aay vary froa nerly zero

et

carbon content to over .0C2C7E, walcihi 1s tre avera e

-+

carbon content. Lifferent vleces al a2t act auite cdiffer-

ently on annealins, ns a consequence. Thls efrect may

be noticed in steel, the lower its c~rcon conteate. For

once 1in a wiile S.A.E. 1015 stocx will nave a tendency,

even thnougii it has been annealed oreviously, to snrink.
It 1s éifficult to say how much effect any of t:rece

varinbles will have on a plece, without a aqucli more

cetalled stucdy on each difierent viase, cuch as, retes

)
e}

of heating and coonling, tenperatures craclents and

<

nechnnlcal strains.

Carburized Stocxk

All 1015 and 4615 carburlized stocx nes been cooled
in the box and in t:re furnace, excépt for one odiece
that was cuenched from tne box in oil, at 920%. 411
oleceswere oririnally cold and‘hot rollecd. Tihe 4C15
were rollecé hot andthie 1015, colcd. Filioure 13 sxows
two curves from a nilece of carburized,l1l01l5 stocxk, one
heated just to ti:e criteal and the otnier well tinrougu
the criticals. As a~y be seen t:ere 1ls pienty of sunrink-

2re in the annetled nlece. Tie siarindacre of carturlred



Fizure 19.
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piecesvis consistent 1n all cnses, also. In frct several
nileces have been ne2ted up anc cow.: turousn the criticals
for a nuarer of times and tie total surinkare is usually
the exact multiple of tie s:irinka e of one single neat.

Joing back to fizure 4, we may see why t-is
shrinkare takes place. On curve 1 you will see tnat the
eutectold constituent has little efiect. As tizis car—
burlzed olece 1is hented un t.e stcel beoins to suriak
at about 73000. The core stops siirlnkins but tiie case
keeng ehrinkineg as mucii as tlie core will letit, as
gshown on curve 2. The core l'lnally rets tie uosoer hand
and the plece stods shriaking naraiecdly. Tihe tenverature
Increases, tlhe case wiglies to exoand tut t:e core igs
stlll chanziar to gaanna 1ron. Lvicdently tie snhiave of tuae
curves 1is cue to the streazth ot the phnzase cinange balznced
2zaingt the strenstin of the dilatation of t.e niece.
However, wihen the aloh=2 1s all cihinnred to ramia tie steel
exnands a~aine

Upon coolings, the chse 13 still tryias to suring
wi.lle tiie core iz trylaz to expand ziter tie Arz 1is
reaciied. The curve 1is flattened out cuite 2 Lit. At
tie 1lower criticnl tiie consr wilici.es To exoand = e
core i tlen moldint Lo tnd tils expoaslonls alzo
Teint taocrezzed. The totalresult ot tocze suooreasions
Lelour tiunt tle nlece a2z a m.ole sirluaiis. Anotier tiLl.g
very noticeoile is tie lowerin- of tie aoxiauwm exo~asion
ot tie Acl,
s21e 1n eltiier chses Trie coefficlent of expansion is 1

altouin: tue teannerature of tiie Ac, 1s tic

'_J

lower tinan tre non-carburized 1015 stoc. froa t.ie lowest



tenseratures. It seeus to [oliow aun averz € be
+e two cirves w.til 7D 2. 13 reac..ec ~acC t.ea 1t falls
off r2nicdlye "hiils fallin ¢t rtc ~#t tue s2ie te . yeratire
ng tle non—ceriurizred stoch wubt ot o2 lower soint of
ev ;nnsion due to *lie cnese.  Uhne case Leln tiie soie
comesition s 1090 stoek (eutectold), =2cts as neanrly
lize curve 2 in flwre 4 a3z tie core will let it.
Consequently tlie t'e c2ze will not reaocii its axliliaun
Fel~ht as the core 1s exn=2icdings iarcly at all for about
ZOOC. tefore tle Acl is reaciied. Thils ai:nt be also
be effectecd by 2 tcarerature iraclent tut it 1s coubtful.
Possirly tiere is 2 better explanatione.

Figure 20 brin~z out t.e s=uze effects on 4015
c rburizec stéck. It also ins tie s2.ie siiriniaze oud
lowerins of t:re Acl c¢ilat~tion. Tire corburlized cise
briass out very well tlhe subnerring of the Ary. Tuals
critical was not si:owm in t:.e non-carburizec stocxk due
-to the lacit of eutectold material.

Firsure 21 shows tie carburized 4015 stocsk heated tO
Just below tie Acy ~nd t.rousn tie ACB' Alt.ouzi tle
Acl exnansion 1s lowered *.e cefficlent of exnpanslon 1s
thie sane on heatlngz and coolin, wnea herted below tie
lower critical, 28 tuere 1s no surinin-e.

Filsure 27 glves a comoarison in tne cllatatlon curves
of carburized 1015 ancé 4015 steels, arain saowing tuact

££15 1s a nuch better steel to uce for carburiziag as

f~r ag ¢dilatation 1s concerned. Cf course t:ls curve
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Flzure Z21l.
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Firure 22.
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of carburized 4615 stocit 1s t:ie Pesultant dilatsation
curve of the case and core. 7TWe were unatcle to obtain a
any eutectold molybcenum-ilcsel stocs to find cut how

the case acted 2lone.



CoHCLUSICS

So far we have found notl.ins to crevent a case carbur-
1zed steel froa dinlalsiiing in size upon neating thiroush
the critical rances anc cooling slowly enoucun to keep
tne eteel in trne pearlitic state. All kinds of tre-t-
ments were triec¢ whien heatiss above tne critic~l to tring
it Tack to 1itsg original slze. Tiie treatinents tried
were; a very slow heatingand coolins, razid lezting and
cooling, conoinations of bo*tii and also cuangzes in t..e
rates of heatins and cooling curlng the run. Cf course
the viece 1ay be exnanced ty ocuenchilng but tils soaetlues
gives the wrong vroverties, and anyway on ture craw, if
the éraw is hirh enouch, tie pieée will asaln sirink.

In order to reduce shring2;,e as auciais posgible
by heat treatins, one siould ellininate all tre variatles,
guch as cooling strains, working strains, strains set
up due to too rapid heating and cooling during tlie run,
and tenperature gradlents. This treatanent also holds for
oure iron and will elininate shirinkage in non-carburilzed
stock/f |

Alloying conbinatlons mnay be also develonecana
stucdied, trat would tend to recuce tizls shrinka:e or
elininate it entirely. The 4015 steel has done tiis to
a great extent. Of course to keep sway frou expense, 1it
misnt be better to calculate for tiie shrinka:e in the
machining and forging oserations. Cf course tils

would not elininate warpage and strains set up in tle plece.
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