THE GROWTH OF BAINITE
- By
Gilbert R, Speich
BS, Mlinols lnstitute of Technology
1950
M8, University of Wiscousin
1981

Submitted in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF SCIENCE
at the
Massachusetts lastitute of Technology
1958




ABSTRACT
THE GROWTH OF BAINITE
Gilbert R, Speich
Submitted to the Department of Metallurgy on May 19, 1958, in Partial

The inllueace of time, temperature, and composition ou the growlh
rates of baiaite has been studied in & series of high-purity iroun-carbon
alloys and in & iron-carbon~chromivn sad iron-carbon-nicksl alloy
bath of the same carbon coatent. A special designed for rapid
quenching was ssed in this work, U has bean that the plates
grow in length st a rate independont of thwe but dependent on temperature,
The temperature dependence of the growth rate for the leagth of the plate
can be expressed by the sguation:

£ = B axp (-0,/RT)

where O, has & value betwesn 14000 - 18000 cal/meol. At lower
temperatures, where the plates ave lens shaped, two characteristic
growth rates are present, ons for the length and cne for the width of
the plate. The growth rates are markedly decreased by incrensing the
carboa coatant or by adding chromium or nickel at & constant carbon

The szperimantal data is compared with the Krisemeat-Wever and
Fisher growth models. The predictions of the Krisemest~-¥Wever theory
ave not confirmed. The caleulated growth rates {rom the Fisher growth
model agres with the observed growth rates in the width direction of the
baialte plates. A modificd Fisher growth model i2 proposed to explala
the suriace upheavals accompanying the formation »f bainite,.

The bainitic structures lormed in these high-purity alloys have been
studied by slectron micrescopy and sloctron diffraction. The electron
microscope work indicates that theres is uwo carbide precipitation within
the austenits and that at all thmes the carbide phase is surrounded by a
farrite sheath, The electrou difiraction work lndicates the possibility
of the formation of e-carbide in bainitic structures formed at low
omperatures,

Thesis Superviser: Merris Cohen
Professor of Physical Metallurgy
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le INTRODUTTION

The subject of bainits has been studisd extensively by a large num-
ber of investigators siuce its discovery in 1930 by Davenport sad Bata!?),
% bas boen ostablished that baisite bas charscteristics lntermodinte bo-
twoen these of marteasite and pearlite. For lastance, bainite exhibits
both stabllization, surisce relinf, sad in some composition ranges, the
amount of bainite formed is 8 function of the teruperature; ia these
aspects, bainite resembleos martensite. Un the other hand, balnite
forms as » fervite~carbide aggregate and axhibite slow growih; in these
aspects, it ressmbles pearlite, It is this intermediate sature of bainite
which makes it such an interceting snd rewanrdiog subject lor study,.

s 1952, Ko and Cottralt'® showsd that the Cormation of bataite is
accompanied by surface uphoawals., By observiag these suriace rolief
efiocts with » hot-stage microscope, it s pessible to mwasure the
growth rates of ladividual ainite plates, The pressatl work was under-
mken to study systematically by such a technique the ofiects of tims,
temperatures, and composition on the growth rate of bainites The naturs
sand distribution of the carbids perticles were ales studied using electron
diffraction sad aleciron microscopy. R was fols that with this infarmatics,
one raight better uaderstand the factors controlling the growth of bainits
and thus be sble to ool up 8 reasonadle growth model for the transfor-
TR EION.




és PREVIOUS WORK

Neo attempt has bees made hare to maks sa sxhaustive review of the
literature oa baiaite, since a2 aumber of literature revicws are avail-
tﬂtﬁ"' 5 o Daly the mors recent resalts which scom importaat to an
wade retandiog of the reaction mechanism(s) are discussed in detail.

de 1 Dsfiuition of Bailnitic Structures

Many investigators have atudied the metallographic leatures of the
structures isrmed in steels in the temperature range intermediate be-
tweea that of pearlite formation and martensite formation. The varisty
of structures that form ia this temperature range can usually be ssparvated
into three main growps:

{1} Lower baiaite is the product {ormed at temperatures awar M
and has a dark-otching acicular appearance much like that of temperad
martessite. Ia general, the unucleation of lower baiaite does not occur
preferentially at the graia boundaries,

{Z) Upper bainite oocurs at higher temperatures in the bainite raage
and shows several metallographic variauts: the classical upper baiaite
structure is & fsathery forrite-carbide aggregate which sucleatas at the
grain boundaries and grows into the center of the graias,

(3) Pro-bainitic ferrite is an seseatially carbide-i{ree, aciculsr

ferrite that forms in low-carboa steels at higher temperaturas ia the

balaite rauge. It is aleo called acicular {errite and the x~conatitusut.

Hultgreod8) prefers aot to call this baiaite, sluce he veserves this



torm for & ferrite-carblde sggrogats, Howsver, since it forme in the
baigite temperatere range, it i listed heve as cue possible group of
belnitic structures.

Wory recently, m‘"mmaummcf
bainitic styuetures formed in & wember of different steels, both vpen
immummmwmu. He prafove to separais the
baiaitic structures inte two groups: (1) scleular structures, and
{2} geanular strustures., The aclcular structures are furthor sub.
divided tato three types: (1) acicular ferrite, (2) uppor baiaite, and
{3) lower tinite., These struciuves are the same ouss discussed
previsusly sod are the most cammonly obeerved, They svcur la many
types of steels and are most sasily obtained by lsothermal transfor-
mation.

The granuler structures of Habrahon appear in the upper soses of
the bainite transformation and particularly ia stesls whare the pearlite
aud bainite resctions are clearly separated. Ther are most clearly
sess whoa the sample 1o sir cocled. The strocture consists of plates
of farrite contmining wodules of sariched, »ciwined austenite, Ia seme
cases, the nodules of cariched austenits may decempone ints aa
agglomerstion of {errite plus carblde, Thess eariched nodules of
austenite arise {rowm the carbos heterageneity of the parcat avstonite,
This structure to the same as the paraferrite or pro-balaitic fervite
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of Hultgren'™ according to Habraken, although this would seem question-
able. Hultgren's defiaition of pro-bainitic ferrite does wot include the
case of nodules of retained austenite occurring withia the ferrite.

it must be strongly emphasized that these classifications are based
maialy oa differeances ia metallographic appsarance, The divisions be-
tween the diffsrant structures are not sharp and the basic diffevences
ia the reaction mechaaisms, if any, are not yet clsarly understood.

Since the carbides in bainitic structures ars not resolvable by
light metallography, oaly the overall shapes of the balaitic regions can
be revesled by this techaigue, With the iatroduction of the slectren
microscope as & research tool, considerable advances wove made in
wadarstanding the asture of the carbide amm"' % 10, 31, u’.

Ua the basis of their study of plain-carboa sutectold steel, the
ASTM Subcommittes XI on Clsctron Microstructure of Steet’” '® nay
concluded:

“Tihe traasition {rem lower to upper balaite is characterised by
two diatinct chacges in the microstructure. Fivst, the sise, shape and
orienistion of the carbide particlas change [rom extremely ssoall plate-
lsts arrangsd in o pavallel arvay at an angls of approsimacely 55* with
raspect to the axis of the bainite noodles, 1o larger carbide particles
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aad stringers arrangad more nearly parallel, lengthwisze, Jecoad,
the needles of forrits which sccount for the merked acioular nature

of lower beinite disappear. In thelir place sppesr sroall irreguincly~

spaced areas in which the carbide particles and stringsre are arranged

in paraliel fashion, with their Jeagth in the direction of the longer
dimension of the area.

Modin and dModin''?) nave alse receatly completed an electron
microscope study of the pearlite and bainite struetures fommed la &
plala-carbon cutectaid steel, Their resulis are similar to those of
the ASTM Commbitee XI, however, they alse studled the shage of
sxtraciod carbides. They state that the carblde particles formed nt
460" € have a two«dbmeasiosal set of branches; the growth ia the
third dimension is limited since the carbide forms ia the austmita
betwesn the growiag ferrite plates,

Whether or ast the carbide phase precipitates within the ferrite,
within the austeaits, or both, still seemns to be & point of dispute.
mmm‘” aszwmos that at low-tevnparstures carbide precipitation
occurs withia the ferrite; however, % highsr tempsratures carbide
precipitation cans sad does oecur within the austenits,

Haltgrea'™ ascumes that carbide precipitation sceurs during the
growth of the bainite unit to full sise: the carbide nuclel probably form
at the austanite/(errite interface as it migrates, but whother or not



aucleation cccurs within the ferrite or austenite remaing an open
guestioa.

Receat work by Kaufman, Powsd, and Aavanson'’” (ndicates that
carbide precipitation cecurs both within the {srrite and anstenits,
Modin and Modin ' sasume that abuve 350° C carbide precipitation
sccurs within the austenite: they state that the {lneness of the carbids
distribution below 350° C makes it difficult to deterroine the aite
of carbide precipitation.

Krisement and Wover' ") assume that carbide precipitation occurs
withia the sustenite in high-carbon stesls. In fact, the sate of
nucleation of carbide in the austenits, according to their theory, is
the rate controlliag process in the formstion of bainite in high-
carbon steels,

B is rather uafortunate that this guestion of the sites for carbide
nsucleation is not completely settled, sinee it is fundamental to aay
theory of the {ormation of bainite. The mais difficulty is that ane
can oaly examine the end-product of the bainite reaction by elecgtron
microscopy, and cae must extrapelate backwards to obiain iaformsation
on the site of carbids sucleation. This has probabdly led to the wide
diversity of opiniona. Siace most of the published slectroa micra-
graphs of bainitic strucurea’” '% 13 jodicate that the carbide
particles are surrcunded by a ferrite shoath, regarvdless of tempors -
ture of farmation, the moet reasonable asswnption to maks is thas



.

varbon removal {rom the austsaite is scourriag by carbon dillusion
through the (srrite o carblde particles precipitating within the ferrite,
However, it is alse possible to argue that the formation of bainitic
fervite eseurs in o marteasitie aakion. In thiz case, carblde precipt~
wmtion in e sustenite would be followsd by & very rapld formation

uf {oreite saguliing the carbide pavtielos. Thus & would ast be posaible
to sae carbides pracipitated in the austenite without the sccompsaying
fervite. The ead prodect of both thess models is the same ~carbide
particles surrounded By & lerrite sheath.

Aature of the Carbice Phase
Several iavestigators't % 10 23 oy cnown the existence of
cumaatite by x-ray diffraction in steels trassiormed iuto bainite at
temporatares above 400" C. No x-ray dilivection work saemme to have
besn dous at lower temperatures probably begauss of the diificalty
sncoumtered with particle~sise brondeniag. The lormatisn of alley
carbides does aot sesm to occur in bainitic structures due to the low
trassiormation temperatures where the dilfesion of slloyiag slements
te seversly sestrieted’ ™ 3%, As highes tempuretuses in the peariite
raage, the (srmation of alloy carbides can m&r‘“‘ “’.

The problems of particle - sise brovdeniag can be improved by using
slectron difivaction, since the waveleagihe o the slectrons normally
used is waly about 0.05 A. Austin and Schwarts'' ! have used alectron

diffraction techaliques to study the structure of the carbide phase fovemed



in bainite in & sutectold plain carbos stesl. A 750° ¥ (399° C) comen~
tite was the ouly carbide phase present, but at 550" ¥ (288° C) and
580° ¥ (£60° C) there is evidence for the {ovoation of both cemeudite
aad c-carbide. The t-carbide lines agree with those reportad by
326! for the tempering of martensite at 120° C,

There has besu considerable controveray as (o whather or
aot the carbon content of the austeniss is raised duriag partial trans-
formation into baiaite. Kiier and Lymas' ") report the retontion of
austenito and the splittiag of the (110) line of the martensits formed
on guenching alfter partial transiormation into baiaite a8 500° C in a
0, 38 perconi carbon, Z.98 percent chromium steel, The ¢/a ratio of
1,040 obtained {or martensite indicates a carbon coatent of the
asustenite of 6,5 to U, & percent carbon. The above authors coaclude
ihat both the reteation of austeaite and the splitting of the marvtensite
lue ladicate carbon snrichment of the austenite. Lymen and Troisnc'' ),
however, fousd little or ao carbon envichmaent of austenite in hyper-
sutectold steels and claim that the veteativa of austenite in the Jow-
carbon steel of Klier and Lymas was due to stabilisation,

Hohsmaan and Trolano'™! claim that the carbon earichment ia hypo-
sutectold stesls is wxtremely localized srouad the balaite plate, and that
in wither hyposutectoid or hypersutectold stesls large regivas of avn~
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enviched austonite sxist after the 2ad of the bainite transiormation.
Thus carbon sarichmaent of the austenite cannot be ofiered 83 2 reasea
for the soli-stopping nature of the reaction, according to Hehemaan
aad Trelnac.

Considerable work hes been done receaily in Russeia by SLetia and
his co-worhers on this prodlem{>® W rugeq investigators have
determined the lattice perameter of the austenite as a function of tizas
and temperaturs of holdiag in the beiaite range. The carbon coatent
of the sustealte could be determiaed {romm the value of the lattice
paremeter. Their results on a aumber of widely dilferent stoels, of
both high saad low carbon coutent, iadieats that the problem is quite
complex a3 both carbon enrichment, carbon dupletion, or ns chasge in
the carbou conteat of the avstenits can veccur deponding on the com-
positica of the steel. For instance, in the case of & 1,44 parceat
carbon, 3.45 percout chromium steel s decrense in Iaitice spaciag
af the sustenite (deersase in carbon content) was found on holding at
400" C and 300° € {see Figure la); for & 0,98 percent carbon, 3,13
psreent chromium stesl ao change in the lattice spaciag of the austenite
was found on bolding at 250 - 350° O and for a 0. 54 percent carbon,
3, 54 pereent chromivm stecl an increass in lastice spacing {lncreass
tn carbon coateat) of the austenite was found ou holding at 350° €, In
genersl, stsels of low carbon content (0.3 - Usb pevcent carbon) showed
carbon surichment o the austenite {ses Pigure 1b), stesls of madiom
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carbon content (0.7 - 1.0 perceat carbon) showed no change in carbon
countent and steela of high carboa content {above | percent carbon) showed
carboa depletion of the sustenite, This ssamed to be tree rogardless of
slloy additions except for the case of silicon. Seels coutainiay silicen,
even of high carbon couteat, lavariably showed carbon savichment of
the sustenite, The degree of surichment or depletion alweys incressed
with inereasing temperature of traasivrmation and was roughly pro-
portional to the percent of balnite (ormed. Thess results explain
thes discrepancies between the results of Lymas snd Trolane and Klier
and Lowasa.

The work of Pevaner ot al'>'), also in Russia, have shown that
carbon sarichment of (he avstealte vcours in & hypoeutectoid steal
(Ve 2% ~ 0, 34 parcent carbon, Cr-Mn-5i strectural stoel) in agresmant
with the results of Zatin, The techaigue wsed was the ssme as that of
Zotin. ©. addition, the amount of retained sustenite was determined and
found to first lacresse and then decrense with decrensing temperature
of transformation. Ia interpreting the retained austenite pesults, it
must be appreciated that as the temperature of transformation decrensss
the amouat of uatraasivrmed susteaile remalsiag 8t the transiormation
temperature also decrenses, The resulls of Pevsner are showa in
Figures & and 3,

it should be meationed that the microsiructures accompanying the
Russian work have not been reported. Hince there are possibilities for
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{a) 1.44 percent carbon, 3,45 perecat chromium steel, o is the

lattice parameter of the austenits determined at temperaturs,

§ s the Iattice parameter of the retained gusteonits, aud the

dashed curve (s the perceat transiormation., The traasiormation

tomperature is 400° C.
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(b) 0.48 percent carbon, 4.33 porceat manganese steel. 5 (s the
Iattics pavameter of the retained austenite and & is the percent

traasformation. The truasiormation temperature is 275° O,

FIGURE 1. Lattice parameter of sumenite in lx {left hand ordiaate)
versus thme of holdiag is hours (abscissa) in the bailaits
range. The perceut transiormation is given in the right

band ordinate. OData {rom Kogan and Datial3?),
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sepavate carbide and baisite mum. sccurring in high-carbon
Mn‘“‘ a5 well a¢ for the formation of pro-baiaitic ferrite {carbide
free) ta low-carbos steels, it would seem importast to have this
information, Vo should kaow whether the carbou surichment or dapletion
of the austenite is due solely io the formation of baiaite or dus to
complicatiag side reactions.
2.4.2 Carbus Coutent of the Ferrite

Ia 1951, Kurdjumov and Perkas'®?) determined the c/a
ratio of the ferrite in samples of a 1.0 percent carbon, 1,42 percent
chromium steel and 8 1.2 percent carbon, 2.0 perceat melybdenum
stesl transformed at 250 - 300° C, The ¢/a ratios were detarmined
by the method of Kurdjumov and Lyssak'>” using single crystals of
austenite. The alloyed steels were used by Kurdjumov becauss he
states that above 250° C, plain-carbon steels gawe a c/a ratic of uunity
within the experimental srrov. The addition of chromium and
molybdeaurn slowed dowa the temporing process., The resalts {or
both steels indicate a ¢/a ratio of 1,006 - 1,008 and thus a carbon
content of 0,12 « 0,17 percent carbon. This is essentially the same
value obtaloed for semples of martensite tempered o the same tem-~
perature raage. Rurdjumov and Perkas therefore conclude that the
marteasite reaction must be an intermediate stage in the formeation
of bainite such as in the "delaved marteansite ' theory whers the bainite
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plate forms instantaneously as martensite and then tempers to a ferrite-
carbide aggregate.

More recently, Werner, Averbach and Cﬂun‘m have made similar
¢/a ratio measurements on a 1.43 percent carbon high-purity iron-
carbon alloy transformed at 210° C. Their results indicate that the
c/a ratio is unity within the experimental ervor. However, marten-
site tempered at the same temperature still retained ¢/a ratio of
1.005., The above authors conclude that there is no tetragonal
phase formed in the decomposition of austenite in the bainite range
and that bainite forms from austenite as s body-centered cubic phase.

The disagreement in the results of Kurdjumov and “erkas and
Werner et al cannot be explained as Kurdjumov ““'m“l’ by the
differences in compositions. Addition of alloying elements does slow
down the tempering process aad allow measureable ¢/a ratios to be
found at higher temperatures for tempered martensite ctrucmu““.
However, even for a plain-carbon steel, a measureable ¢/a ratio
for tempered martensite is found after tempering at 210° C as Werner
reports. Siace Werner finds no tetragonality in the case of the ferrite
phase of baiunite, it does not seem that the formation of bainite involves
a tetragonal martensite as suggested by Kurdjumov, This still does
not explaia Kurdjumov's results and more work aloang this line would
be welcome,
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Buligsen® hus made & study of the compositions of the
bainitic carbides formed in & number of low/aslloy stesls. In gensral,
mx:«/mmmuumum“nmmm
mol ratie of the parent austenite., The resulting carbide compesition
is called the paracomposition, As the helding time in the bainite range
i¢ laerensed, the slloy coutent of the carbides approaches the equilibrivum
valng. Somo of the results of Hultgren are shows in Figure 4,

These rosults indicats that no diffusion of alloying slements ocour
during the formation of buinits., Similar results dave been obtaingd by
xm“’*mmn.munwmumumm

Greaingsr and ‘tm‘ﬂ bave detarmined the habit planss for
baiaite in a 0, 92 percent carbon aad a 1,78 percent carbea plain.
cavbon steels The Mabits wers determined by s two-surface annlysis
with the austonits grain orientation being derived {row the retained
austonite or by & twin-baud vestige methed, Trace normale were also
determined and wers shown (o pass through the poles sstablished by the
two~surisce sealysis,

The habit plane for the 0.92 percant carboa steel (aee Pigure 5a)
was found to be almost occtahedral at 450° C sad grmdually moved aloang
& (134) great cizcle as the reaction temperature was lowered. The
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habit pleas was difforent {rom thet of martensite at all tempe ratures,
The habit plase for the 1,78 porcent carbon steel was also found to be
different from that of martensite, and it also changed with temps rature
{see Figure 5bj.

Seatth and Mehl!") have determined the habit plane for balaite
forened in 8 0,78 peveont carboa plain-carbon steel by usiag & single-
surface ansalysis with the orientation of the original austeaite being
measured by the twin-band vestige method. The results, shown in
Pigure S¢, are similar to those found by Greninger and Trolano for
the 0, % percent plain-carbon steel,

The orientation relationships of the ferrite phase in bainite have
also besn determined by Smith and Mehl'"! for the 0,78 percent
plain-carbon steel. Using a pole~figure analywis, they found that the
ferrite obeyed the Nishyama relatioas, (111), || (110) aud <ai1>, ll<onns,
at 450 C and 350" C, but obeyed the Kurdjumov~Suchs relationships,
i, || (10), ssd <11e>, || <1235, st 250° €,

2.6 Othey Charasteristics

Maay iuvestigatorsti & 150 20 380, o o nd that the amouat of
balnite formed varies with temperature, lowsr tempe matures {avoring
the formation of more balaite. The numammrm“‘“
for 3 pereeat chromium steels are showa in Pigure é, These B.7T

curves closely resembile martensite range curves, with more and
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{a) 1.78% C {b) 0.92% C

Greninger and ‘I'raiam“’ Greninger and Trohno“’

(¢} 0.78% C

Smith and Mobl(.n

FIGURE 5. Habit Planes of Bainite,



more bainite belag {ormed as the temperature is lowered. This seli-
stopping nature of the bainite reaction has not besn adequately explained,
although carbon enrichment of the austenite!*™ and the exhaustion of
critical sise mhi‘”’ have been suggested as possible causcs,

it has been showa by Bhattacharyys and Kehd'“®) that the bainite
reaction i markedly accelerated by an applied teusile stress in 1045,
1085, and 4340 steele. It was observed that the amount of transfor~
mation increased rapidly over 2 certain critical stress range, which
was fouad to agree with the yield stress range for unstable auvstenite,
The efiect of an applied tensile stress oun the bainite transformation at
538% ¥ (279" C) ia 1085 steel is shown in Figure 7.

Hehsroana aad 'r:m‘”’ have shown thet partial transicrmatioa
to minite at oue lemperature increases the iaduction perviod and
stabilizes gart of the austenite against further travsformation at some
lower temperaturs, This s similar to the case of martensite. Tome
results of Hobemann snd Trolanc for a 4340 atesl are showa in
Pigure 8

Ko and camnm bave shown that & suriace uphesval accompanies
the formation of baiaite. This is similar to the case of martensite,
sxcept that the plaies were observed to grow slowly under a hot-stage

microscope.



60
g R J
~a_ N\ 069%
g P wz%hﬁ_;\' | NG
S ‘ NN | 0/5%C
S \ \\
S _ s\ﬂ.aaa%c_
=
£ /2&0/0/ \
SO+ NG
3 \ \ N
~ e e A .
) [ B
8 2y A
0 i
200 400 500 600

Tempersture, °C.

FIGURE 6. Temperature dependence of total dilatometric expansion
{amount of bainite formed) in a series of 3% chromium
steels of different carbon coatents from Lyman and
Troianol{l4),

T‘Tl!' T T T

100 !
Applied Stresses
None

o

® 10500 psi —
& 21,000 psi

4 33000 ps
0
]

A
=1 IE

Perces  Transformed

L LAk

20 50 100 500 1000 2000

FIGURE 7. Effect of stress on isothermal transformation of austenite

in a 1085 steel at 535* ¥ (279° C) from Bhattacharyya
and Keh1{26),



o2l

100 —
[ ll

3
T
l
H
i

»
o
|
[
1-—

i

2
=
J": T
I
B

DILATION < INCHES x 10
‘
1
|
\
~
|
s
|

¥
_TRANSFORMED 2
AT o

O
e
i S

FIGURE 8, Effect of partial reaction at 938° F (501° C) on progress
of transformation at 800° F (426° C) in a 4340 steel from
Hehemann and Troianol25),



2o ¥ Theoriss

A large nwnber of theories have been proseated to explain the
formation of bainite. Not all the proposed theories have been reviewed
here in ovder to troat the more important ones in some detail, The
theovies are reviewed in chrouslogical ovder,

Z.7.1 Davenpost and Bain (1930)

The carly theories for the formation of bainite postulated
that the {ormation of bainite was similar to that of martensite. However,
on invubation pericd was reguired before the formation of any plates
and in addition the plates precipitated carbids almost immediately
aiter their formation. The term delayed martousite was uased to
describe this growth proceas. This idea was formulated by Dsveuport
andwa“’uthumdm discovery of bainite sud probably arcse
irom the similar appearaace of low-temperature baiaite and tempared
marteasite.

doTe2 Zemer {1948)

This 'delayed soartensite” theory was further extended by
Zoner" W, e suggested that the eriterion for the formation of baiaite
should be based sa thermodynamic grounds sud calculated the tompers-
tures &t which the iree energy of austeaite and ferrite of the same
composition arve squal. These results are shown in Pigure 7. The
AF » O curve seems to agree qualitatively with the upper limit for the
forraation of bainite. Aw order to differeatiate between bainite and
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martensite, it was aecessary for “ener to postulate thsat the lormation
of martensite severely strains the susteaite 50 that additional free
energy is needed to supply the strain snergy. Thas, the formation of
martensite must occur at lower temperatures thas bainite in ovder to
supply this additional free snergy. The seli-stopping mature of the
bainite transiormation was explained by carbon sarichment of the
austenite or by carbide precipitation at the avstenite/lerrite interiace,

Se7.3 Hultgren (1947)

Aceording to Hultgren'>") bainite forms directly from
austenile as & ferrite-carbide aggregate, He assumes that ferrite
nuclentes the resction and that lerrite grows lato the austenite with
carbea diffusing away iato the austenite. When the austeaite surrounding
the {ervite plate has beon sufliciently suriched in carbon, carbide
precipitation scours in the sustasits,

During the bainite transformation, wo diffusion of alloyiag clements
occurs, with the exception of carbou, Ae a result, the carbide and
ferrite phases inherit the same iron/alloy meol ratio as that of the parent
austenite. Of course, diffusion of carbon sccurs aud the carbon contont
of the ferrite and carbide phases are markedly different. The ferrite
aand carbide phases thet inherit the alloy conteat of the austenite are
called paracarbide and paraferrite, Those plmeces which have the
eguilibrivwe alloy countont are called orthocarbide and ortholerrite,
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Hultgren postulstes that the differcace between bainite and pesrilite
is that pearlite contzins orthoferrite and orthocarbide wherens baiaite
contains parsaferrite snd paracarbide, In order to diflervatiate between
pearlite and bainits in plain-carbon steels, Hultgren assumes that in
the case of pearlite the carbide has a primary lattice relativaship to
the pareant austenite, whareas the succecding ferrite has a so~called
secondary relation. In the case of bainite, the ferrite first formed has
& privary relation te the austeaite, whersas the succeeding carbide bas
s secondary relationship to the austenite, Thus, according to Huligren,
the formation of pearlite requires both the diffusion of carbon and
alloying slements; the formation of bainite requires oaly the diffusion
of carbon; aad the formation of martensite requires neither the diffusion
of carbon nor alloying slements,

2.7.4 Fisher (1349)

Fiohar Y nas alao presuntod s thermodynamic treatment
of the bainite reaction. mmmcmn'wmm.uma
of chromium steels agree well with the AF » 0 eurve i the valoes are
ashifted about U. 4 percest carbou to higher carbon countents, The n',
)ﬂ.mui‘-emoauahuh?m 10, ¥rom this observation,
Fisher suggests that the local carbon concentration in the austeaite
surrounding the bminite plate may be 0. 4 porcent bighar than the
average carbou conient of the austenite. This iacrease in carbon con~

tent could be sssociated with the dislocations spaced along the iateriace
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or with carboa pils-up in the austenits abead of the growing ferrite
phase. Fisher then assurmes that the ¢riterion lcrthl! tempo raturs
is that &F' = §, where AF' is the {ree ensrgy change for the transior
mation of austenite to ferrite of the same composition in the region
euriched (n carbou., The amount of carbon adsorbed at the interiace

is determined from the Langmwuir's adsorption equation, determining
mmmwmdmwyanumwn.
values.

The nucleation sites for bainite, accordiag to ¥.sher, are small
regions of low-carbon content in the austeaits which are retained on
quenching {rom the austeaitising temperature, During the qusnuch,
these regivas transform iato ferrite. Those vegious, not large encugh
to aucleate martensite at the trassiormation semperature, may grow
slowly by diffusion of carbon: when they reach the critical sise for
cohersat martensitic growth, they shaar over into martensite. The
dependence of the amount of bainite formed vo the reactioa temperature
is due to the decreass in critical embryo size with temperature. The
salf-stopping nature of the transformation may be either due to
exhaustion of available auclel or to carboa curichment of the austenite,

Fisher considers that the meds of growth caa be either martensitic
or some type of slow growth. If it grows in a martensitic fashion, it
is “delayed martensite.” I it grows slowly three pessibilities arise:
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(1} growth as supsraatuvated fervite, (&) growth as pro-sutacioid
farvite, carbos dilfusing awey ia the austenite, and {3) grow as ferrits
and cetneatite, with carbos diffusing {rom sustenite to cementite through
the ferrite. Due to the high rate of diifusion of carbon in ferrite, the
possibility of slow growth as supersaterated levrite is discardad, I
bminite grows by one of the other two mechasisme, the criteriea, that
mn'uunmmmmmmnmnmm
ferrite bacomes impossible, must be discardsd since the bainite is sot
supersaterated with respect (0 carbon, Fisher suggosts that 2 new
mmmmmn'muwmn.pmamm
clements secur, while below it ae pamitioning occurs. This is idantical
with Hultgrea's proposal.

Using & plane i{rout model, Fishar gives the iollowlag squation for
growth of bainite whea controlled by carboa dilfusion through the
iorrite:

. 9% AC

x-«E:f:-" {1
mu;t is the velocity of growih, i is the diffusion cosflicient for
diffusion of carboa in forrite, AC s the carbos gradient in the ferrile,
c'luthww“rhucmﬂmma aud L. is the diffesion
path distance in the fevrite.

Fisher obtains sn approximate valus of L {rom the istorlamellns
spacing formula of pearlite axtrapolated 1o the bainite temperature
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cange. Of and C_ are known, and AC is squated to C_, the carbon
content of the ferrvits at the austenite/ferrite interface. This is derived
from the extrapolated austenite ferrite boundary of Zener ‘m. The
thickaess of a bainite plate is then given by:

20 act |
L

H=

where & ie the thickasss of the plate and t is the time. Usiag the
beginning times of transformation for & series of chromium steels,
Fisher shows that the caleulated sises of bainite plates {rom equation (2)
are much lnrger than the limitiag sise of visibility.

If bainits grows as prosutectold ferrite with carbon difiusing away
into the austenits, Fisher offers the lollowiag equatioa:

5-;(%:., e (E: el/& -
where C% (3 the carbon concentration of sustenite adjacent to the
ferrite, and D) is the diffusion cosfficient for the diffusioa of carbon
in austenite, The caleulated value of & from eguation (3) for the
beginaing times of the transformation for chromium steels gives place
sises which are clese to the limiting size of visibility.

Fisher concludes that growth of bainite probably occurs as "delayed
martensite”’ or as prosutectoid ferrite with carbou diffusing away into

the austonits,



2.7.5 Ko and Cottrell (1752)
in 1952 Ko and cm-n‘m showed that & surface relief

accompaniss the formaetion of bainite, similar to the case of marten-
site. Through use of a hot stage, they were also akle to demonstrate
that the plates grow slowly, unlike martensite. Thus, the ldea of
"delayed nnrtensite”’ can be discarded (st least on & macroscupic
scale)e

Ko and Cottrell offer the {ollowing explaastion for the slow growth
of baiaita:

"It is suggestsd that the free ensrgy difflerence between austenite
and supervsaturated ferrite is not sufficiently large to allow the formation
of marteasite due to adverse strain, Neverthsless, coherent growth
caan take place whea the straia due to the density change is relioved,
and the driviag force for the transiormation is lacreased i the amount
of carbon dissolved in the baiaite is reduced. This can be achieved
either by carbon diffusion (rom baiuite iute the austenite, or by
precipitation as carbide within the bainite plates or by a combinstion
of both, -

Ko and Cottrell suggest that at high temperatures the carbon ie
removed mainly by carbon difiusion in the austenite, so that hore
the growth rate should be coutrolled by the rate of carbon diffusion
in the austenite. Al lowesr tomperstures, the carbon is precipitated
in the form of carbides within the ferrite, asad the rate of growth



-311‘

is then contralied by the rate of aucleation of carbides withia the ferrite
and the rate of carboa diffusion in ferrite,

Krisement and Ifmr‘”' " have proposed a theory based

ou tha law of growth foy coupled ,mt"". They suggest that
the iroa-carbon diagram can be separated vt three regloas which ave
showa i Figare 11, The I curve represcats the upper limit for the
formation of baisitic fervite; it saay corvespond to the AV s D or 2
slightly diideront ralation. The other boundary is the extrapolated
austeaite ‘cemeatits boundary.

In region I, the formation of pro-bainitic ferrite is possible.
Austonite guonched into region I, on the other hand, will initiate the
bainite reaction by precipitation of carblde. However, ouce carbide
iorms, the composition of the austenite adjacent to the carbide ialls to
the cxtrapolated sustenite ‘comsutite boundary. 3ince the composition
of the austeaite would then lic to the loft of the Z curve, the formation
of baiaitic ferrite becomes possible. This bainitic ferrite is formed
by an wmblapp’ or marteunsitic mechaniom; TN g dintaly difiuses
out of the {errite into the austeaite due to the high rate of dilfvsion of

carbon in ferrvite and the lower chemical potaatial of carboa in the
sustenite. This ralses the carbon lovel of the auwstenity adigcout to

the {errite uantil carbide precipitation occurs agaia. The
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procass is then repeated.

Thizs process is called the "double -growth” mechanism with the
carbide forming by & diffusion controlled process and the ferrite formiang
by an umilapp” or diffusionless mechanizm,

Austenite quenched into regioa Il may either form pro-baisitic
ferrite or two-phase aggregates, To the lelt of vegion II, the fornmtion
of pro-bainitic ferrite is favorved, while to the right of this region, the dowdble-
growth mechanism is favored.

The rate of nucleation of such two-phise aggregates is controlied by
the rate of aucleation of carbide within the austeanits. The growth rate
of this two-phase region is determined by the rate of growth of the car-
bide and of the ferrite. From the law of growth for two ~phase
sggregetes'??), Nrtoemont aad Wever dovive the fellowiag growth

eguation:

xtaf;w(-;%- {4

vbu;'. ummamm”u«.m-unmmc.ﬁ
is a constant depending on the geometry aad conceatration, and A is the
activation saergy for growth. For the present case, thet of & doubls~
reaction mechaniom, the value of A is an average of the activation
energy for carboa diffusion ia austenite (A) ) sad the activatioa sacrgy

for cohevent growth of ferrite “’anﬁ" fowe A o % A < .&: .

oh
The value of A depends on carbon content. In the low-carbon



range (Regioa 1 of Figure 11), umm-mmmmiuaca.
whila {or high-carbon coatents, X';JA: .

In order to compare the overall activation energy for the bailaitic
transformation with the activation energy for this growth mechaniem,
it is necossary to make some sssumptions about the aucleation process,
Hrisement and Wever assumse that the nucleation rate of the double-

growth process is controlled by the sucleation raste of carbide which is

given by:
AY
{=a n: =a m(-‘i%* (%)

where 1is the nucloation rate of carbide, D) is the diffusion coefficient
for diffusion of carbon ie austeaite, «' and s are constants which vary
little with temperaturs, udA: is the activation energy for carbon
diffusion in austesite.

The empirical formula for the volume (raction tragsiormed W{t) is:

Wit # | - oxp -(-&:m (6
where & is » constent approximately egual to 3. The quantity v is o
time coastant and ic given by the Boltssnany formuls:

f-cocq(-%) n

For short times t, the transformation rate irom equation (&} (s

“'m! ::: ot' ‘»

'
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It can also be shows that:

Wi s e Vi )
where I is the nucleation rate of carbide, and V(1) is the bainite volume
at any given time which is given by:

Vi s y (x o° (10)
vhtmm-nmmmiudmlqufﬂ.
Using equations {4), (5) aad (10}, it caa be showa that:

AY &34

*N'v“m['“’-ﬁr-*l-ts (11}
Krisement and Wever take s = 3, and thus from equations (7) and (8):
ve o omp [Hfr] (12

Thas, the overall activation energy for bainite transformation, 0,
should be Mnazmx by the relation:

1 .,.Y .3
Q= 2 A +34) {13)

Equation (13) predicts that, siace A is always less thaa AY , the
mtﬂluﬁmmmﬁuﬂnhm-m&:;hm siace
A is expected to lac rease with carbon content, (0 will also incresse
with carbon content, Krisemeat and YWever calculate activation
snergies from a number of TTT diagrams and find that both these
pradictions are coafirmed,



In further support of their theory, Krisement aad Wever, show
mn.mm-awamhemu;mwe'cueam
contents above U, % perceat carbon. This is because the upper linit of
region Il in Figure 10 is givem by a horisontal line passing through P,
In addition, siuce pro-bainitic ferrite ouly ocecurs in regioa L, stecls
with carbon conteats greater thae 0,5 psrcent carboa should aot contain
pro-baiuitic ferrite. Krisement and Wever preseant data for a number
of steels which seera to coulirm these predictions.

4.8 Summary

This review of previcus work has summarised the existing infor-
mation oo bainite. The general fields of agreament and disagresmant
have boen pointed out and the most impertant theories have been
presented. The theories which seem worthwhile considering oo the
basis of preseat knowledge are thoss of Pisher, Ko and Cottrell, and
Krisement and ¥eves,

Tisher's theory has the advantage of using one of the most reasouable
growth models, that of carbon diffusion through ferrite, and preseunting
quantitative predictions of the growth rate, It sulfers from the
disadvantage of not explaining the surfsce upheavals accompanying the
transformation since it was suggested belore the work of Ko and Cottrell.

The theory of Ko and Cottrell offers sn explanation of the difference
between the growih of martensite and bainite on the basis of the strain
snergy dus to the density chaage., However, it is not cloar that the
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straia energy dus to the deusity change is the strain energy which is
most lmportaat. The shear strain energy ia the austeanite which must
accompany the formation of bainite would seem to be more lmportaat,
and it is not clear how carbide precipitation in the lerrite will alfect
this strain enorgy. [a addition, Ko and Cottrall's theory {s based on
qualitative argumeats, so that gquantitative comparisons with experi-
meatal data ave aost possible,

The main drawback of the theory of Krisement and Wever is that
it assumes carbide procipitation in austenits to ba the coatrolling
process at highar carboun levels. R is not clsar ivom the evidence
available that this (s correct. Cortaialy, is the case of lower balanite
it is aot corrects. However, the theory of Krisement and Wever does
focus attention on chaages in chemistry of the austenite at the
ferrite ‘austenite or carbide ‘sustenite interfoce., This ia what the
thaory of Ko and Cottrell does not do aad would seem to be very
important. Krisemeunt sud Wever alse feraish a sumber of pre-
dictioas which caa be quaatitatively checkad,

Siace suriacs upheavals accompaay the ivrmation of bainite, the
austenits to ferrite transiormation must sccur in & martensitic
{ashion. Howsver, siace slow growth of the bainite plates is observed,
the {ormation ol martensitic lerrite can ouly occur oa a microscale

or in some continuous shearing fashion. The explanation of this




coatinugus sheariag mochaniam is the mais stwwblisg block of mest
theories and bas only boos tresied adeguately by Krisement aud
Vever. Unfortusately, carbide precipitation in the avstenite is basic
to the Krisemoent-Wever theory, sad this is notl aecessarily supported
by the expsrimenial information.

The parpose of the preseant work was to supply the ascessary
superimentel laformation to prove or diaprove the sxisting theorise
and U necessary develop & new theory based oa the more reasonabls
growth model of carbide precipiation in lorrite.




3.1 Alloys
The compositions of the five high-purity iron-base alloys ussd
in this investigation are given in Table L,

TABLE |

Alloy Compositions
AlloyNo. _%C_ = %GCr BN BMa B
126 0. 96 * * ks wh
127 1.16 # % % "
127C .14 2,71 b <0, UG0S O.02
127N l.12 ol 5.28 0. 066 Sa 01
128 1.43 ® ® x wH
* <3.001% - <0.01%

Other trace slemoents determined were Al, Co, Cu, Mg, 5a, Ti,
aad V. Thase were found to be less than 4,005 porceat for the Fe-C-Cy
and Fe-C-Ni alloys and less than 0, 001 percent for the iroa-carbon
‘slloys.

The iron-carbon alloys (126, 127, and 1i8) were selectad to study
the iullucace of carboa on the bainitic growth rates, Some work was
sttempted with lower carben content alloys, but due to the high rates

of transformation it was not possible ta maks growth rate measurementa




in iron-carbon alloys with a carbon content lass than 0,96 pevcent
carbon. The irca-carboun-chromium sad iroa-carboa-nickel alloys
wers selected %o study the influence of aichel and chromium oa the
bainitic growth rates at a coustant carbon level of about 1.2 pereent
carboun 2nd to allow the sxtension of the growth rate measurements to
higher termperatures, The particular values of nickel and chramiun
were selecied becavse TTT diagrams wers available in the
liserature '™ 43 cor compositions close to those given in Table L.

The iren-carbon alloys were availabls from the work of C, 5,
oberts ot al'> sad were tn the form of dilatometer samples (0. 400
inch diameter by 4 inches long). To iacilitate machiaing of the iroa-
carbon alloys, they wers aunealed for four hours at 1450" ¥ (788" C)
in evacuated Vycer capsules, and then {urasce cooled.

The Fe-L-Cr and Fo~C-Ni alloys were vacuumn melted and cast by
National Ressarch Corporation in the form of tapered two-pound ingets.
Thess ware forged at 2000° ¥ {(1093° C) o 5/8-luch diameter rods and
subseguently horsogeaised for 20 hours at 1100° € in svacuatsd Vycor
capsules and air cosled, They were thea tempered at 1200° ¥ (649" C)
for three hours,

3.2 Hot Stage Design
3e2.1 Geneval Description
A ot stage is simply 3 devies that allows one to examins
microscopically the metallographically polished surilace of a sample
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whils it is at tempe rature, ﬁt&rsm&imﬁwm-
phere is used to provent oxidation of the surface of the sample. The
sampls may be heated by its owan resistance or by a heating coil, To
allow observation of the sampls, 3 quariz window is placed osa e top
of the stage and appropriately saaled,

For most hot-stago work, a loug workiag distance ohjective is
needed to provent damage to the objsctive from the heat radisted by the
sample. Twa typss of objectives are used at present: (1) a relicctiag
objective!®™ and (2) o spocial long distance refracting objective’ ™),
In the present work, & reflecting objsctive was employed,

The desiga of the preseat stage is somewhat similar to other stages
dsseribed in tae Meesature’ ™ 36 3T 1iy novel feature of the preseat
stage is that it allows the sanple to b quenched rapidly with a helium
blast from the nusteaitining temperature to some lower (transiorsastion)
temperature. This high quenching rate is anseded to prevont the for-
mation of carblde or pearlite in the alloys studisd here.

Side and frout views of the stage are shown in Figeres 12 and 13,
The nambsred parts of the stage shows in Figure 12 are given bolow,

(1) Supperting ring (Laws)

(2) Sample suppark tube (Ilaconel)

{3) Resistance heating element (Pletioumn)

(4) Radiation shisld {Taataluem)
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{5} Hadiasicn shield {Jtaiuless itecl]
{6) Ismsr brsas shell {(water coslded)
{7} Ouser dopes shell
(8) O~ring seal
{9) Coarts window
{10} Shutter suppovt
{11) Shutter (ivon foil)
{12) Gpecimen
{33} Retsining rings (Lava)
{14] Cover Plate {(Brass)
Sedai Hoad

The heating element of the stage consistsd of six fset of
0.920 inch platinwn wire wound ia the form of a tight helix, This was
then comented with alundum cerseat to & grooved aluadwm core, The
powsr input to the coll was controlled by & wariac with a stabilined
’vm source, The hestisg eloment was supporied by a iave ring
{ose Part 1, Figure 12} Two radiatiss shiclds surcovnded the heailag
eail, with the suter radistion shield balug split to make it essier to
roplace the beating coils The sample suppert tubs was fitted withia
the heatiag elament and cemented with Sausreisen cement (o the
supportiug riag. The supporting ring, sarple support tude, heatiag
slemend, sad radistion shislde ar: shown in Figure 14,
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in ovder to prevent depesition of metal vapor on the guartz window,
it waes found avcessary to install 2 shutter arrangement. This cousisted
of 2 stalnloas steel support and an iron foll shutter which could be
moved back and forth in the groove lu the shutter support with a magnet,
The window was a polished quarte disc (0. 080inch thick) which fitted
directly over the shutter and made a vacubsm seal to the main chamber
through the use of an O-ring. At the higher temperatures, the shutter
was moved to cover the hale iu the shutter support and prevent fogging”
of the quarts window: at the lower temperatures, it was moved away
to alloy observation of the specimen surface, A brass cover plate was
screwed down ou the quarts window to proavent it {rom blowing off whea
holium was blasted iato the stags. The O-ring between the wiadow and
cover plate was used to apply more ualform pressure oo the quarts
window, The details of this arrangement are shown in Figure 15,

The iorm of sample used for all the hot-siage microscopy is
showa ia Figure 16, The thin ssction (0,010 - 0,020 iach) permitted
a high guenchiag rats. A platinum, platinum ~ 10 percent rhodiven
the rmocouple (U.010 lach diasnoter wires) was spot welded to the top
ince of the sample using an arc-discharge method. Two lave retaining
ringe were placed above and below the sample., The lower one pre-
vented welding of the sample tu the support tubs, while the upper one

fitted snugly agaiast the shutter support. (See Figure 12, part 13). This

proveated the sample from being dislodged whes helium was blasted
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iato the stmge.

The sample and its tweo retaining riags are showa ia Figure 17, The
partially assembled stage is shown ia Pigure 18, with the heating
in place. The completely assembled stage, with the shutter assambly,
guarts window, and cover plate in position is showa in Figure 19,

3e2.3 Vaswum Systomn

To preveut the sample {rom oxidation or decarburisstion at

kigh temperatures, the sample chamber was svacuated, The vacwam
system consisted of a 20 liter/second oil diffusion pumap backed by a
rotary mechanical pump., This gave & vacuums of 0,01 « Gl i in the
sample chamber during the austeaitizing treatment. Considerable
degassing cccurred frem the refractory materinl during the Yeating
cysle; however, by slowly heatiag the stage, the dogessiag was
virtually camplete by the tirne the dage reached temperatere.

Two vacuum gruges were used: a Pirani gauge was placed near
the diffusios pump, and & cold-cathode Phillips gauge inseried at the
fartiest poiut (vom the diffusion pump. The combination of thess two
gauges allowed the pressure to be read from 1 mum te 0,01 u.

3.2.4 Cueaching Prosedure

Iz order to aveid the formation of pearlite in the plain-
carbos lrev-carboa alloye, it was necessary 2o quench the sanmples
rapidly frem the austenitising tomperature. This was accomplished
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by breakiag the vacuuwm with a heliven blast which was directed at the
bettom of the sample. Considerable troubls was experisuced at {irvast
with exidation of the sample by contaminants ia the tank helium, A
calcium~turnings trap was lnstalled in the helium line to remove this
difficulty. The trap cossisted of an iroa tube, {illed with calcivm
turaiags, aad heated to 1300° ¥,

it was also louad advisable to lostall & doubls bubble-trap on the
helivm suilet line to prevent back diflusion of aly iato the system, Dif-
fusion pump oll was used in the bubble trap because of its low vaper
presaure., A double trap was used instead of 2 siagle one to avold the
possibility of oil being suched back inte the hot-stage. The fisal
arrsngement of the equipment is shown ia Figure 20,

3.2.5 Optical System

As maentioned sarlier, s long-working~distance reflecting~

objective was used io this work. I was kindly supplied by Professor
N. Je Grant of the Metallurgy Departmont at MIT. The ohjective had
beon made by Bausch and Lomb aand bad 3 working distance of 14 mm,
& magaification of 20, and a awmbzical aperture of 0,40, A pleturs of
the ebjective is showa ia Figere 21 sad o diagram of the componeats is
shown in Figure 24, This objective vas used with a Bavech and Lomb
able microscope sgulpped with a Leits micro-ipso attachment for
taking 35 run. pictures. The hot-stage litted directly betweon the
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lege of the beach microscops afler the sormal stage had been removed,
An extoraal tungsten {ilamment lamp was used with the nsormal vertical
Jluminator.
3.2.6 Typical Run
To give a better unde rstandiag of the oparation of the stage,
a typical rua will be described in detail,

The sample is metallographically polished sad degreased in ether.
The Pt, Pt « 10% Bh thermocouple is spotwelded to the top suviace of
the sample, and the sample is placed on the suppert tube. The retaining
ring is placed on top of the sample, and the shutier support, iren foil
shutter, guariz window, O-ring, and brasa cover plate srs placed in
position.

The helivn line, bubble traps, asd stage are pumped dowa to about
100p with valves A, B and C open, aud valves D and the reducing valve
closed (Figure 20)s The system: is flushed with helium ouce by closiag
valve A and opeaiag the reducing valve; valves B aad € are now closed,
and A and D are opensd . This ssals the stage from the bubble traps
aad the heliumn line. The stage is thea pumped down again te 100y,
and the diffusion pump aad coaling water turned ou. When the pressure
in the stage has reached U, Iy, the heatiag cycle is begua and the powsr
input gradeally increased uatil the sustenitizing temperature is veached,
Somne ocutgansing eccurs during the heating cycle, but with suificiently
slow heatiag, the pressure rise is the syetem can be kept to 2 low
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lovel., The poway luput aod prossure st different temperaturas is
shown in Figure 43,

After the sustenitiving treatment, the samsple is guonched rapidly
to the transfocrmation temperature with & blast of helives by closing
valve A and opesning fivet valve B and thes valve C; the power luput to
the heating coll i» simulBasously reduced to some proedetermiasd value
wiich maintains the sample st the desived transformation temperaturs.
The smi output {roen the thermocouple i fod into 2 Lecds and Novthrup
high-speed millivelt recorder (sweep tiene for full-scals dellection is
& sacoade). Duriag the guench, the high-spsed recorder gives a
coutiowous record of the temperature of the sample %0 that the qusnch
can be stopped at the dasired tesnpevaiture,

Whea the desired temperaturs o resched, the helivm flow rate ia
reduced by partially closing valve B, Countinual adjustenent of the helium
Dow rate is vecossary (o keep the sample at aa approximately constant
Wumnmﬂmmmmw down to ths trassiormation
tamporatura. The vate of guesching of the samaple s catimated to be
500° C/second; however, it requires several mimutes for the heating
woll to cool down. Once the heating coll reaches the transiormation
temporsiure, the rate of heliven low is reduced further, and the
sammple transiovms isothervanlly in the heliven atmosphere, YWhen

thermal squilibr wmn is reached, the temperature remaing very constant,
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Hoveaally, ths sample s transformed saly to about 50 percent
bainite. The sample is thea quenched to room temperature by ia-
creasing the rate of helivm (Jow and tursing off the power.

303 Leagth Messuromonts

Is avder to measur: the bainite plate length as o function of tima,
a series of 3% mm. pletures were taken of the surface during trans~
formation. Priats were made of the {rames at an snlargement of sbout
% an exposurs of a ruled grating was sanlarged with sach servies of
priots to obinin the seact degree of sulargement. The lengths of
individual plates were then measured directly on the priats, usiag

veraier ealipers with an accuracy of ¢ 0,01 em,

Many of the hot-stage samples were sxamined after transformation
by normal light microscopy. The surface velis! sccompanying the
formation of bainite or marteasite was removed by lightly abrading the
sarnple on Mo, (00A Behr-MManaing emevy paper. The sample was then
polished through MNo. ¥ diamond powder, vsing kerosone as & lubricaat;
a linal polish was performed with Gzaﬁaa

The etcbant found most satisiactory was 1 percent uital, The above
polishing techaigus wase aleo used to prepare the samples {or the hot-
stage, excspi they wars not etched,

In order to determine the distribution of carbide particles withia
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the ferritic matrix of the balaite, a aumber of samples were enamined
by electron microscopy. An RCA (EMB -4) electron microscope was
uwsed lor this purposs,

The sazoples wore matallographically polished and etched {a modified
4 perceat picral consisting of:

Solution A - 25 gc 4 parceat pleral
Solution B - Te ISCC ethyl aleohol add 0.1 ¢c HCL
Add ) ce of solution B to sclution A.

Replicas were made of the surface usiang 1.5 percent Parlodian in
a~-butyl acetate; the replicas were rotary shadowed with chromivm at
an aagle of 27, Electron micrographs were made st magnilications
of 8000 sad 14000,

in order to determine the nature of the carbide phase formiag la
the ferritic matrin of the baisite, & aumber of samples weres examiaed
by electron diffraction. The RCA LMB-4 electron microscope was also
used for the slectron diffraction work and was calibrated usiag an irean
standard,

Since the reflection eleciroa diffraction techaique was smployed,
it was necessary o etch the sample to make the carbide phase stand
ia velief. The ctchant used for thie purpose was | percent nital, Siching
times of about two minutes were nucessary to obinin good dilfraction
patterns., The samples were rinssd with aicohel after etchiag.



v BE »

4 EXPERIMENTAL RESULTS

4.1 Growth Rates

4. i, 1 Momsuraments of Growth Rate
In order to determing the plate lungths as a function of time,

-~ a series of 55 mm pleteres were taken of the surface during transior-
mation on the hot stage. The plate leagths were measured dirvectly on
enlargements of the 35 mmm fllm,. Jome het-stage pictures for the 1.12
percent carbou, 5,48 percent nicksl alloy are showa in Pigures 24 - 27,
This alloy was austenltised on the hot stags for 30 minutes at 1060° C and
thea queached te 196° ¢, and isothermally transformed,

In Figures 44 - 27, the austenite graio boundaries ave apparent
becavse of thermal stching at the austonitising temperature, The
gradual growth of existing plates and the {ormation of new plates is
glearly avideut in this sequence of pictures. The einite plates are
visible only because of the surlace upheaval accompanyiag their formation,

Trowm such 8 series of photographs, it was possibls to determiae the
leagth of the plates as & {uaction of tizne, Some results for the 1,16
percent carbon alloy are shown in Pigure 28, The leagth versus time
plots result in stenight lises, The growth rate, 1, is equal to the slope
of this straight lins. The valus of 4 can be seen from Figure 28 to be
markedly dependent on temperature. Similar vesults were found for
all the alloya.



440 HoteHage
FIGURE 2¢s 1.125: C, 5.28% Nl alloy; 38 min. 1060° C/1180 min,
196* C.

#00 Het-“itage
FPIGURE 28, 1,125 C, 5.289 Ni Alloy;: 30 raine 1060 C/1567 mia.
136* €,
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I 4
400" . - Hot-Stage
FIGURE 26, 1,135 C, 5.40% Ni Alloy: 350 min 1060° C/1947 mia
19* C
400 Hat-Stage

FIGURE 2Ve 1.13% €, 5,28% Mi Alley; 30 mia 1060° C/2210 mia
196° ©
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In order to obtaic & fair measure of the growth rate, leagth varsus
tizne plots were made for as many plates as possibie on 28ch sample.
The awnber of plates oa which it was possible to make measuremants
varied {rorn four to ton per sample. The growth rate results are
surmpsarised in Pigures 27 - 33, The results are plotted i the form of
to;i versus the reciprocal of the absclute temperature {n ovder to ob-
taia activation saergies,

4.1.2 Scatter in Urowth Rates

it i apparant ivom Figures £7~33 that considerable mm:'.
is present in the values of £. Although the leagth versus time plots
give good stzaight lines, the alopes of these lines ﬂ) are different for
diiferent piates growiag at the same temperature. IThe scatter is much
too large to be explained on the basis of experimeatal uacertainty in the
length measureomsnts, Those variations could arise {rom two causes:
(1) 2 scatter due to geometry, or (i) & scatter in the actual growth rate,
The problem of geometric scatter is treated below,

The most reasouable shape to assume {or the baianite plates iz a
disce The relation of 3 growing disc to the (ree surfacs is showa in
Figure 34, The relation

5° 44« r? (14)
can be derived froen Figure 34, where 0 ia the perpecdicalar distance
from: the conter ol the disc to the chard formed by the intersection of

the {reec surisce and the dise, R, is the radius of the dise, 1 is the
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leagth of the plate measured on the surface, N, and N, ars the avrmals

2
te the disc aad the suriace respectively, ? is the aagle between the two
aormals, and d ie the perpeadicular distance between the center of the
dise and the surisce,

Differentiating equation (14) with reapect to time gives:

1ai Vid 5k
8 R {orcmgeiionm } {13)

The value of § is givea by

a

{16}

qumu-mﬁuacmeitmh seen that i will vary with
1 since 5 is & constant depeading ouly on the oricatation of the dise in
space. The ratio £ /R is plotted a2 2 function of £ in Figure 35 assuming
renscoable values of 5, It can be seon that different valuos of § can be
obtained, dependiag oun the value of 5; howsver, for a constaat & the value
of § should decrease with increasiag £, Siuce nll the length versus time
plots were straight lines (coanstant £) it is evident that mosi of the values
of 5 must be close (o sero, or in other words the conters of the growilag
plates must be at or asar the suriace, I this case, it is got posasible
to explaia the scalter in the growth ratee by a geometric factor since
£ =R U5 hae a value near sero.

The saly possibility left (s that the scatter in the growth rates (e dus
to real variations in the redial growth rate f. On this basis, the average

growth rate can be selected as the most represoatative of the growth rats
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at aay temperaturé. Ths average growth rate for all the alloys are
shown in Figures 36 - 40, The line drawa through these polats (a sach
cage is the least sguares line. The least squares lines are also showa
fa Figures &% - 33, The bars on the points in Figures 36 - 40 reprosent
the 95 perceat conildeace limits for the average frowth rate assumiang the
scatter obaye & Gaussian srror distribution.

4.1.3 Activation iaergies for Growth

From the slopes of the lines of Figares 36 - 40, the sctivation

sasrgies for growth ¢an be calculated convertiag {rom common logarithums

o aatural logarithms, we hava:

Q

xn:-~~§-‘.i,- +in B an

where Q‘ ie the activation energy for growth, T is the absclute tempera-
tare, 2 is the gas constant, and B is & coustant. R should be emphasised
that the activation energy for growth measured heve is only for growth
in the direction of the loag dimensioan of the baluitic plate, It was aot
possible to make sccurate width measuremeats on the hot stage. The
valuos of ©, and B are givea in Table I,
4. 1.4 cifect of Composition on the Growth Rate

The afisct of carboa conteat on f can be evalusted from the
results {or the three iron-carboun alloys. These resulis are suwnmmarized
in Figure 41, I can be soea that the growth rates are markedly lowersd
with increasiag carbon coutsat. The activation easrgiss for growth do

aot seers to be sigaificaatly aifscted by changes ia carbon content,
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Scomposition

G, 96% C

L6k C

1.45% C

1,145 €, 2,71% Cr
1 12% €, 5.28% Ni

.81 «

HoB 0 _Bimm/mie)

TABLE U
Valuss of Q‘ and B

I~

15800 §9, 240
16400 104444
166060 Fo 140
17662 $.070
14508 By 124

8,75 164

2.76 < 10%

5038 < 10°
8.50 < 10°

1,68 % 16°
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although there iz a slight tread toward larger values with lacreasing
carban coutents.

The effect of chromiuvm and nicksl oo the bainitic growth rates ata
constant carboa level of about 1.1 percent can be evaluated {rom Figures
37 nad 40, The line representing the growth rate equation for the
1.16 p.m carbon iron-carbon alloy is shown in sach figure for
comparison with the growth rates for the alloys of the same carbon
content but coutainiag either chromivi or aickel. It can be seen that
additions of either chromiven or uickel ot 2 carbon level of 1,1 percont
markedly lowars the bainitic growth rates. The activation energies
for growth sesm to be somewhat raised by chromium and lowered by
nickel {(See Table II).

4.1.5 Width Measurements

Since the growth rate measurements have oaly considered
growth ia the lang direstion of the bainitic plate, it was {slt advisable
to make width measurements. This was not possible with the het-
stage microphotographs becavse of the poor resulution of the width
of the plates, In erder to obtain some weasure of the width, ihe
widths of a auwmber of bainitic uaits were measured on a series of
aeormal light photomicrographs, ¢.g. Figures 50 to 56, Tha lengths
of the baluitic uaits were measared st the same time. The ratio #/w
at one femperature and composition, was iound te be roughly constant
with an average deviation of + U percent irom the average value, The
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value of §/w did, howevar decrease sharply with increasing temaperc~
ture. The results are showa in Figure 42, Since the data for all five
alloys fall on the same curve, it would seem that the value of £/w is
uet very seasitive to compositional changes.

The values of £/w and the measured values of { allow one to calculate
the volume growth rate of the baianitic areas. This subject is treated
ia move detall in the discuasion section.

dol.6 Hot-Stage Lengths Campared to Metallographic lLeongthe
Gince there is some guestion a2 to whether the length

measured by the surface relis! actuslly represents the trus plate
length, » ssmber of samples were propared with a refereance gratiag
ruled ou the surface with microbardness indentations. It was then
possible to {ind the area viewed on the hot stage after the sample had
been removed {rom the stage. In this way, the leagths obtained irom
the suriace relief effects could be compared with the leagths obtained
frowm normal metallography after lightly etching the sample, The
appearance of the same ares, oa the hot stage and after etching, are
shown o Figures 43 and 44, The comparison of etched and hot~stage
longths for & number of samples sre shown in Figure 45, The line
drawn in this figure has a 45° slope, aad if the etched and hot-stage
lengths were identical all the points should fall on this liae, This

seerns to be the cass with 2 small amount of exporimental scatter
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259% iHet Stage
FIGURZ 43, 1.14% C, 2.71% Cr Alloy; 30 min 1060° C/180 min
260° C. Unetched,

250 1% MNital
FIGURE 44, 1.34% C, 2.71% Cr Alloy; 30 min 1060° C/180min.
260° C. Etched,
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FIG. 45 COMPARISON OF HOT-STAGE AND
ETCHED LENGTHS



proseat. Thus, we cas ssiely assumc that the Jeugths measured on the
hot-stage are the trus loagths of the balnitic areas,

£, 2 M. Mepsurameais

mu*mrm«mmmsmummumm-
stage by queachiag o 8 temperature near M aad then slowly cooling
m' sampis, The temperatare at which martenasite {izrst appearesd was
taken a6 the M' temperature, Figures 46 and 47 show the appearance
dmsumu;mm:mmn‘. Figure 48 shows the
increass in the amoust of martensite with decreasing terape rature
{Compare to Figure 48), The L resuite ior the iroa-carbon alleys
ave shown ia Tigere 49, The eurwe ia FVigure 49 is taken {rom the
maauw:““. The sxpsrimental )4  temporaturss agree very
well with Gruciager's data.

The M g Gt for the iren-carbou-chromium and iron-carbos-aickel
alloys ave shows in Table il

TABRLL I

Alloy M . Temporatures

Camposition Hot Buage M, Mg (Swp) PReferesce
LI4HC, 271N Cr  ST44°C 94°C  Lymsn and Troiase''®
1125 C, 5.285N 934 3° C 9%°C  Howard and Gohea''?

The value of M‘ {exp) wae takes rom the lHterature with corrections



250% Hot tage
FIGURE 48, 1.14% C, 2.71% Cr alloy 30 min 1060° ¢/74° C
{below il.)..
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250x% Hot Stage
FIGURE 48, 1,14% C, 2,71% Cr alloy 30 mia 1060° C/74° C
(below b ).
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baiag made for small differeaces in composition usiag the M. formula
of Payson and &mc“s’. The agreoment is guile good, considering
the differences in method of determisation of M.

Thus in addition to detarmiaing the M . by the thermal arrest method,
the Greuiager-Trolane techaique, and By a change in some physical
propercty such as leagth or resistance, we have another reliable method
of determiaing M _. On the basis of these results, it would seem that
the M. at the {ree suriace is identical with the volume M e it is rather
surprising that the suriace M " is the same as the volume M " since the
presence of the {ree suriace should make the formativn of martensite
casier and thus raise the M a*

Oue difficulty with this techaique is that slow cooling is needed on
the hot stage to assure thermal equilibrium, and this introduces the
possibility of stabilisation, The effect of dilferent cooling rates on the
M_ has uot been investigated in this work.

4.3 Light Metallography

4.3.1 Chemically tiched Structures

in ovder to determius the general shape of the bainitic area

as a {uaction of temperature and composition, a8 number of samples were
sxamined by normal light metallugraphy. In all the alloys, the lowsr
temperatures favored the more acicular structure, while at highor
temperatures & stragture very similar to asdular {ine pearlite appsared,
This behavior is aleo indicated by the &/w plut of Figure 40,
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Typlical structures for the iron-carbon alloys ars showa ia Figures
50 sad 51, Coutrary to geneal opinion, the low-tempersture baiaite
did gucleate ot grain boundaries in those alloys. This is shown in
Fligure 5i. About the {irst 20 percent of the transformation seems to
nucleate at the grain boundaries. The remaining tracsiormation occars
by aucleation of new plates within the grains. Graln boundary aucleation
bas also been reported ia the 1,43 percent carbon alloy by Wumr‘w.
At presant, it is not clear whethe r this efiect is due to s fine precipi~
tation of carbide formed during the guench at the grain boundaries or to
the graiu boundary per se.

Since the higheat tempe raturs studied in the case of the iroa-carbon
alloys was only 280° C, no nodular product was observed, Howewver,

Liste r‘“

has studied the structure af the 1,16 percest carbon alloy
over a wider renge of temperatures and reports a nodular preduct at
370" € and higher temporatures.

The structeres of the irca-carbon-chromivm and irou~carboa-nickel
slloys were similar t0 the iroa-carbon alloys. Since & wider vange
of temmperatures could be studied in these alloys, the change {rom the
acicular strug¢ture to the asodular product wvas observed in these alloys,
Typical structures are shown o Figures 53 - 56, It is latorestiag o
note that the transition from the acicular structure 1o the aodular

structure is very gradual.
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100« 1% Nital
PFIGURE 58, 1.434 C iven-carbon alloy; 30 mia. 1060° G/ 366 min,
181° €.

1000 1% Nital
"IGURK 51, 1.,43% C iron-carboa alloy; 30 mia. 1060° C/43 min.
238° .
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250 1% Witad
FIOURE 52, 1.43% C ivon-carbon alley: 30 mio.d060* C/366 mia.
181* C.,
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1000~ | 1% Nial

FIGURE 53, 1,16% C, Z.71% Cr alloy; 30 min. 1060° C/652 main.
R15.7* C.

1000 1% Nital
FIGURE 54, 1,145 C, 3.71% Cralloy; 30 min. 1060° C/180 min.
263* C.
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1000% 1% Nital
FIGURE 55. 1.14% C, 2.71% Cr alloy; 30 min. 1060* C/43 min.
307* C. ‘

1000% 1% Nital
FIGURE 56, 1.14% C, 2,71% Cr alloy; 30 min. 1060° C/38 min,
328°* C.
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At 216° T the structure is guite acicular, almost needlelike; at
463° € the structure ie still acicular, but the bainite areas are star-
shaped; at 307" ¢, the structure is almost nodular but there are still
remunants of acicularity at the edges of the bainite arsas; flaally, at
320° C the structure is almost completely nodular, with little acicularity
left.
4.3.2 Thermally Stched Structures

The thermal etching that accompanied the austesitization
on the hot-stage vielded some very interssting structures. Not only
was it possible to see aunealing twins, and lormer austenite grain
boundaries, but also to see evideaces of grain boundary migration. A
sample of the 0, % perceat carbos izon-carbon alloy, which had not
been cooled sulficiently rapidly to prevent the formation of some
pearlite, is shown in i gures 57 and 58, The pearlite patches show up
as flat, circular aress, while m remaining austsaite which was traus-
{ormed to baiaite exhibits the suriasce uphsavals characteristic of
bainite. A number of annealing twins are visible in Figures 57 and 58,
The austenitic graia boundaries and anncaling twins show up in both
figures due to thermal etching st the austenitising temperaturs; ia
addition, a series of lines parallel to the final boundsry position are
visible {(soe left-hand side of both figures). Tisse parsilel linee are
formaer positicas of the boundaries where it stopped long encugh for
thermal etching (o occur, This indicates that grain boundary migration
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SB0< ~ bdigue
PIGURL 57. 0.96% C izon~carbon alloy; 30 min. 1060° C/40 mia,.
237 C.

500~ : blinte
FIGURE 58, 0.96% C iroa~carbon alloy: 36 min. 1060° C/40 mia,
a3 €.
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in the austeaite 12 aot continuous but “jerky".

The source of the pits present in these the rmally etched structures
is not at present clear. They may be thermally etched inclusions or
dislocations, or possibly due to gas evolution(z).

A closer examiocation of Figures 57 and 58 also reveal a substructure
in the pearlite nodules. This appears as another aodule about half the
diameoter of ths larger oue. The explanation of this substructure is not
knowa,

4.5.3 Lffect of the I'vee Jurface

In order to observe the distribution of plates with respect to
the {ree surfsce, a awnber of samples were nickel plated and the ¢ross
section metallographically polished, A typical result is showa in
Figure 3%, There are plates growiag dowa [rero the suriace, which
have probably nuclsated at or near the surface. In addition, there are
a number of plates which have nucleated within the center of the sample.
The volume perceant transfiormation doss aot seem to be much different
at the surface than in the iaterior of the sample. The question as to
whether or aot the surface influsaces the rate of transfiormation canaoct
be settled by this limited information, but from the evidence awailable
it does aot seem that the surince has & vory marked effect on the
transiormation rats,

4.4 Zlectron Metallography
in ovder to determiue the distribution of carbide particles withia
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« Coppar Foll

s e L . e Nickel Plate

&30X 1% Nitsl

PISURE 59, 1.16% C iron-carben slloy; 30 min. 1060* C/23 mia.
5% ¢,
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the ferrite phase of einite, a number of samples were axamined by
slectron micreoscopy. The details of the sample preparation ars given
in the experimental procedure section. Some representative sleciron
micrographs are showa in Figures 60 « 65, It can be seean that the
carbide distribution becemes coarser as the temperature is ralsed, I
all cases the carbide particles are surrounded by 8 ferrite shoath, and
no carbide precipitation is visible in the austenite or in the isterface,
The carbides appear to line up roughly parallel to the long axis of the
bainite arcas at high termperatures, sud st some aagle to the long axia
at lowsr temperatures. These resulis are in agreemout with othey

mh“’.

& aumber of scamples were examined by elec tron difivaction to
determine the aature of the carbide phase formed in bainitic structurss
st lower ternpezaturss, KXeray diffraction ssalysis is ast practical heve
dus to particle sise broadening.

The slectroa diffraction uuit was calibrated with aa iron staudard,
giving the following formula for the d spaciags:
d e 1028 (18

R

wheze d is the d spacing in A for the line whose radius ou the film is
K mme The reflection method was used with the sample beiag etched
to make the carbide stsad in relief,



- 1035 -

FIGURE 60. 1.16% C iron-carbon alloy., 30 min,
1060* C/34 min, 30 sec. 270° C,

14000 Chromivin Shadowed
FIGURE 61, 1.43% C iron-carbon alloy. 30 min,
1060° C/366 min. 181° C,

14000x Chromium Shadowed
FIGURE 62. 1,43% C iron-carbon alloy 30 min.
1060° C/43 min. 237.7* €.
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14000~

FIGURE 63. 1.14% C, 2.71% Cr alloy; 30 min.
1060° C/3017 min. 188° C

{a} BO0G Mm

FIGURE b4, 1.14% €, 2.71% Cr alloy; 30 min. 1064° C/
180 min. 263 C,

14000+
FIGURE 65, 1,14% C, 2,71% Cr alloy; 30 mia,
1060° C/38 min. 328° C.
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Sharpy difiraction patierne were only oblaiasd for samples trans«
formed above 300° C; neveribeless, it was aleo possible to make
mensurements on the sarmples transiormed at Jower lemperaturss, even
though the lines were broadoned. The results are gives in Table IV
along with the expected d spacings for s~carbide formed in martensile
tempered at 120° € and cementite formed ia martensite tempered at

250° €, accordiag to Jack'*®)

o The position of the ires lines are also
given for referemce,

The number of lines found for samples transiormed below 300° C
ranged from {our o eights Above 300° €, mauny more lines appesred
in the difiraction patieras. Although the linos {or the samples trans-
iormaed below 300° C agreed roughly with the sumber to be expected
{rom an ¢-carbide pattern (seven), the positicas of some of the [isea
could not be explaiued by an s-carbide structure, For instance, in the
i.43 percent carbou alloy transiormed at 181° €, good agreement
between the e-carbide lines and the obaserved lines are fouad for d
spacings of 1,17, 1423, 1438, 1.62, 2,10 and 2,39 A; howaver, the line
&t 1,91 ;s cannot be explaiaed by elither ¢~carbids, comentite, or iron.
This may be » lins dus to suriace oxide or some other form of cone-
taminatioa., However, in most casss (he lines present coald be fitted
to an «-carbide pattern il allowances wore made {or the exyor in
measerement of the d values {rom broandeasd lines {(say 3 - 4 percent).

Allownnces alec had to be made for one or two lines 1o be missing or




ave

501°1

- . YTy 1§35 SR § B |
Wyt wyyey e F— oEE SATT*Y
00 - £1°1
911
112 91°1 wWgl°y gy wgyey  wgyey WYLy WELTCT  WHICY W] WOI‘Tee?Il $I°T & - 81°%
. wgzey  vapyey wgyey wigy *y £O1 7Y §1E BALT° Y ~
2 B
WEEY  M0E Y wgg 'y vEgs ey smpg ey wegc 1 QU1 MQE°1  2I¢ wpg ey
12 - ¥
ooz  ©9°1 N i |
o
wggey wpsey WGy WGy Wg ey wigg ey wapG ey 277 M6y
€1 - £5°1
AR TR |
Wyl arpgey  waygey umpgey  mggey ZOTSWO9°T QFT MAgY°|
wW6L Y 217 a9y
WGgey M9gey WEg'Y €18°l agy ] WHPey wwygeqy 771 wggey
oA *1 WOl Y SALET  ME°T 117 WLacy
0n°?
o1t Z0°2 e - 90°7
8AL0 7 $AGO Y ®AGO°T SAPD T SAGH'Z SAGD? 10T SALOZ 07 w907
sAQy 2 21 metc?
eACy Y 700 AT 7 071 WoP°7
Y g 007 umMP°7
ey WSpH Y VLG °7 agg o2 WP? 001 WGC? {20 Wgs 7
wgs °7 020 W57
TR TVIP D078 O o857 D o117 D o87E O o£97 O o857 3 <181 3 0T 3 <961 O oL6T DR zm ™ (v
¢ g mmQYE WG99f 20 wags  SEp@y 20 wWgy  Wuggp e 0 wIgoy wmpp .
—— TN %87 5 B HILE SRR SET S8 oV T Tt
D %2T1 S A0 SRS ofeg

ejmeey VOTIDEIII BOIIISYT
Al ZTEVY



144 4
133

176
e
818
zee
o7y

L1
e

¥4

o1e

L2 ]

16 °6
£€5°0

8Ls 0

P50
o1te
€89

¥i9'0

LILCe
94°0

9¥8°0

u.&@ ‘0
£0°1

®59L°0
“508°0
#2668 °0
269670

=men°1

MALES O

MALES D
ByQL 0
»e08°0
“388°9
SEé ‘D

w901

T et pue BaoqioBey iqg pussy wag ‘goef Aq pejsodes 10N o

wen

*susjIdepes aysre) Burdduizsan o

16°%

- - 28°1
119 sugn ey
ote
€90




- 487 -

added to the patteras. The additicual lines could be explained on the
basis of cemnentite or contaminants. It is not clear why some lines are
missing {rom the difiraction patteras.

Above 300° C, s aumber of new linss appeared in the difiraction
pattarns. The d values for some of these lines were, however, toe low
to be indexeod 23 new coamentite lines, B is possible that some of these
linss are ivon linea,

There seems to bo strong evidencs {rom these results, that below
6% C, the carbide pbass present in bainitic structures is e-carbide,
At temperatures above 300° C, & number of new liaes appear ia the
difiraction patteras which canaot be completely lndoxed as asw
camentite lines, This agrees in part with the results of Austin and
sehwarts''?) who found both c-carbids and 7o ,C present in baiuitic
structures formaed at 500° F (260° C) fu » sutectold plain-carbon steal.
Turthar electron dilfraction work should be dons in order to mors
fully clarify the nature of the carbide phass formiang in bainitlc structures
at lower temmperaturas,
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3. DISCUSSION OF RESULTS

5.1 Volume Growth fates
Since the hot-stage longth meassurements caly gave the rate of growth

in the loag dimension of the baiaite region, the width measurements
described in Section 4. 1.5 were also made, From these two growth
measurementa, it is poesible to calculate volume growth rates i some
simple shapes are assumed for the bainite regions, At temperatures
below 250° C, the baianite regions are assumed to have & dise shape, At
temporatures above 300° C, the baiaite regloas are assumed to be
spherical. The (atermediate tempe rature raage (250 - 300° C) is not
treated here due to the complex shape of the beinite regionas,

For a disc, the velume is given approximately by:

vei wnle {19)
where V is the volume of the disc, R is the radivs, sad w is the width
at the ceater. Now il we assumae that the dises are secticusd close to
their centars ian the hot stage measurements, 4 = R and the w values
reported in 4. 1.5 vepresount the widths at the centers of the plates. If
we let—= = A, whore A is indepandent of time and composition, but
depewient on temperature, we obtain:

Ve -2 2?

= (20)

Jince the growth rate is coustant, { » 1t and substitutica ia {20) gives:
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Ve (f i (21)
The volume growth rate is thea given by:
Ve %)i’:"‘ (22)
The variation of A can be fairly well represeuted from 180° C to 250° C

by the equation:
- 493 {23)

Substituting {(17) and (23) is (21) and {22) gives:

\ {30, + 7680)
v (325 ¢ exp (o — gy ) (z4)
: 3 {30, + 7680)
Ve (R o e (-~ (25)

mmu«sm:}!anmhnmu.
Now i{ we assume that the bainite region bas 2 spherical shape,
2/w = 1, and the volume is given by:

v-%-n’ (26)

Assumaing once again that £ = K, s“la-l.c. we obtain:

V--‘- i

3
3' 33

27)
and

Ve dud? (28)
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Using squation (17) for i we obtain
a
4 3
veden®) et omp (- ) (@9

30,

. b 4
Ve 4eBY e exp (- 5 {(30)

5.4 Compariscn of Lxperimeutal Jats with the Krisement-¥cver

Theory
The Krisement-Wever theory has besn discussed in some detail ia

Ssction 2.7.6. The Krisement-Wever formuls for the rate of surface
displacement iz given by:

-

X=p el o) (31)
Krisement and VWever did not consider the case of lenticulsr shaped
regions where thare are two growth rates, leve § and w . Since
KErisement-Wever did not avaluste the proportionality constant in (31),
it is not pessible to make » guantitative comparison with the experi-
meatal duta is this work. Howewver, the activation energies for growth
can Do compared with the valus of A predicted by Krisement and Vaver,

fode Ay € A< AY . The equations for § and ware;
b L
=B eup (- T {32)
. 3 (0, + 7680)
wasgz =137Bexp [+ ~~gz— | {(33)

The values of B aad G, ere given in Table IL rummaa;‘aumma
by Wells, Batz and Mehl are shown in Table V,
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TABLE V

Activation Eusrgy for Carbea Diffusion in Austesise'®’!

Atomie % C_ Welght % © Ag bui/mat

1.0 0.42 35, 860
4.0 o 44 34, 560

. 3.9 ' 0. 67 33, 3006
€0 | 0. 89 31, 809
5.6 111 30, 200
6.0 .33 28, 560
The value of A is aot kuows but is some very small value since

ceh

martonsite is observed to form at 4° K“”. ’l‘hmu‘\’*h

certaialy less than 3000 cal/mel**®), The values of 0, and 0 *

2y

and Wever that the activation energy for growth should lie bstween

+ 7680 cal/mol can bs soen to agree with the prediction of Krisement

Ae.‘MA:. However, the value of O, dees not show auy sigificant
depeondence on carbon content as predicied by Krisement and Wever,

Another check ou the Krisement~Vever theory can be made siace
we have the overall activation energies for the baluite tranaformation
ia a series of high-purity lron-carbon alloys irom the work of

Redelitfe'®”) which are shown in Table Vi,
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TABLE VI
Overall Activation Energles for Bainite!*?

() {eal/mol)
Matarial &C Above 350* € | 380° ©
Plain carbou steel 0. 65 18, 500 7, 5300
iron-carbon alloy 0. 77 &2, 200 9. 500
iron~carbon alloy 1.02 29, 000 11, 5060
iron-carbon alloy 1.2 32, 600 13, 000

The values which pol;ntn to this work are those {or temperaturos
below 350" C since uo studies of the growth rates were made at higher
temperatures, IThe Kricement-Wever formula for the relation betweea
the averall activation energy Q, and the values of AY and ©, (s givea by

TS
Q'z“‘*m') {34)
mm-«mmmmmsua:dww»u‘maa
the values of O, from Table Il are shown in Tehle VI

1
TABLE VIl
Cwerall Activation Luergies

s A ogeaten Sepa) ™7
0.96 313500 19650 11000

1.16 29800 19700 12700
1.43 27700 19350 14900

rpolated from Wells ot a1'47)e

{0 Values toterrolated from Raititnen.
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I can be seen that the caleculated valuss do ot agree very wall with
the experimenial values nor do the calculased values of © dapend on the
carbon countent as suggested by Krisement and Wever, If the values of
the activation energy for growth ia the width direction (Q_ = Q, ¢+ 7680)
uuun&tmldﬁlum”nrummnmmm
the calculated and the observed values,

Un the basis of these results, the Krisement-Vever theory is
inadeguate to explain the bainite growth rates balow 350° C, Above
350° C, the Krisemont-VWever theory may be more realistic sincs the
obssrved overall activation energies do appreach the value ﬂa: ut
temperatures above 350° C and exhibit the correct dependesacs on carbon
content {see Tsble VI)s The fact that R.deliffe finds two different
activation energiss for the {ormation of lower and upper baluite may
indicate thai two difierent reaction mechaniams are operating, As
Wumwmmmm. carbon removal {rom the austenite may

occur by carbids precipitation in the ferrite at low temperatures and
by carbide procipitation ia the austenite ot bighsr temnperatures
{where the Kricement-VWever theory may find application).

A growth model assumiag carbide precipitation withia the ferrite
phase was originally suggested by rma‘m and the expression he
derived for the growth rate is given by equation (1). The present
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section treats this growth modsl in more detall. The plaue freat growth
model is showa schematically in Figure 66, The rate of growth of the

carbide within the ferrite is givea by:
@

(C ac ) D
e , _ €
@ e woa e
The rate of growth of the ferrite frout is given by:
€ _-¢cy) o
@ - T (35)
.. e e "

-bnu'iuchmidMnrm x is the thickness of the
ferrite~carbide aggrogate, c‘vumummumunm“
the «/y lnterface, C__ is the carbon content of the forrite at the «/carbide
interface, C_ is the carbon coatent of the pareat austenite, W) is the
rate of advance of the ferrite iwteriacs, (--—) umm«umaa
the carbide interface, mnaumwmm*wmmmm&
carboa in ferrite. In Figare 66, thnt&onMMﬂdﬁ
austenits at the «/y interince. The value of € is usknowa but i
uumdhhqﬂtoc‘hthpwmam-m U the valus of
c‘_mmmmuaqnummdunmmmnm
abseace of carbide, it would bave some higher value than C  and this
is shown by the dashed line in Figure 66,

in order to integrate {35) it is necessary to flod a relation between
X, and X, Thia can be done using & carboa balance, since the carbon
originally in the austenite must appear vither in the ferrite or in the

carbide, thus:




- 115 -

¢

C > Growth
Direction
Carbide—° | ,
Ferrite Austenite
< X >
(a) Geometry of Phases
Ce
T Ne—Cya
E Sa
% Co
<—Ca7
<—CGC
X ——»

(b) Concentration-Distance Diagram

FIG. 66 - GROWTH MODEL FOR BAINITE
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x

5
3 Ac‘tx'ux 4Ax¢c°-u¢;‘ {3&)

%

where C (X'} is the concentration of carbon ia the ferrite at & distance
X' and A is the area of the advancing irout. mmnuc‘(xqu
given by (37) if a linear couceutration gradient is assumed in the
ferrite.

€__~¢C )
ce Tt wox) e, o

I (36) is substituted in {35) and the resull integrated, wo obiain
C +C
[g‘.(ﬂi_.!!.’j
xe' 0'5‘ QE: ] - (38
C +C
uwumw—-’—r—ﬁ-« c aad --1---—-§-« ﬁ.wm

<

-
X, = g, X {39

This is stmply the result oue would ebiain by aeglecting the carben

countsat of the ferrite,
Substituting (39) ta {35} wo oblsis:
¢ (e, -C. ) n:
@t - -5-——-;’7‘3:5;,33—- < (49)
Integratiag (40)

€ (C. -€ ) y/2

i “ét‘?‘;ﬂt"“tﬁj‘l win'/? )
@ % 1
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mq,nla t“/‘ 2

The growth law of {42) of course (s only trus if the growth of the carbide
phase is continueus, In this case, the diffusion distance in the fervite
increases with tisme, snd the parabolic growth law rosults. However,
since carbide precipitation must egeur intermittently in the ferrite
batween the carbide and avstesits, this will shorten the diffusion distance
for carbon snd increass the growth rats, The growth rate for the
overall process is something like that shown ia Figure 7. The values
of %, and &, are the values of x aad ¢ at which & new carbide parsticle
aucieates in the forrite region between the austesite and the existing
carbide, ¥ the auclsation of these new carbides occurs in a reguiar
fashion, tha growth curve shown ia Figure 67 results. This is similar
to the double-growth mechanism of Krisement and Wover sxcept that
the carbide phase is formslag in the {errite. The owverall growth rate

is given by

g 3

N
‘i‘hnhnﬂx“sﬂt“mh dets rmined since the nucleation of
rate of carbide cannot be enperimentally moeasured. Howsver, the value
ofunmuh equsted to the value of the average intercarbide spacing
x_ is the ferrite, From electran misvographs it is possible to
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> —»

t —»

FIG. 67 - SCHEMATIC GROWTH PROCESS FOR BAINITE
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doterenine s Quastity. Urem (41) we ohbtala

:nanfﬂzlu,

1/2 49

ragion are showa schomatically in Figores 6la and 68k The tev
smtremaes ahown aye thoss whers the sarbidens sre lasd up almant
porpuadionlas to e long axis of the bainite plate (lower bainite) aud
where the carbides ave lined up along the iong amis of the baiaise
raglon (upper bainite), These dlagramas are based oo the oleciron
microscape work of the ASTM Commintes X1t 9,

Ustag the umaw;u‘mmmmwx{. fee

& . ABLe8 | . )
aﬁas.umta--g; ) we chinia:

= -&—-——-—-aﬁ’”;“ b { <252%) (4¢)
c .

The value of ¥ o8n be svaluated rom slectren micregraphs by the
wse of lineal cwnlyeiz.e This con only be done for samples tmaniormed
above £30° €, since below this temperature the corbides are nol
resclvable by elesiron microrcopy. The resclts of such measura-
ments ave shows ia Table VIll.
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(a) Lower Bainite

(b) Upper Bainite

FIG. 68 - SCHEMATIC PICTURE OF CARBIDE
DISTRIBUTION IN UPPER AND
LOWER BAINITE
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TABLE ViR

Lsothe rmmal -
Gomposttion Treatment Smd
0.96% C 30 min. 237° C .97 x30°°
lo16% C 34 min, 30 sec, 270° C 2,49 X 10"
1,436 € 43 mis, 238° C 1.4 % 10°°
1.14% C, 2.71% Cr 180 min. 263° C 2,58 % 1072
1.14% C, 2,70% Cr 38 min, 328° © 2,88 x 10°°
112% G, 5.20% Ni 54 min. 330° C 217 %10"°

The velue of azummsuu»nm«tmugmmu

aumber of coucentration pammeters which can caly be oltained by
sxtrapolation. !‘hm;dc‘.m\@'unolmnm c“
can be obtained from the internal friction work of Wert!"'), i
reporis that the concentration of carboun in fervits in squilibrivm with
carbide is given by:

C, o (W% C) = 2,56 exp (- 222 ) ‘ 47

These measuremeonts were made at temperatures as low gs 150° C©
o they should be reliable at tomperatures in the baiaite range. The
caly uakaows concentration term left in the sxpresasion for « s C“.
This caanst be measured sxperimentally and can ouly be obtained
by extrapolation of the fervite/ferrite plus austenite boundary irom
bigh temperatures. This extrapolation can be done saalytically by
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uae of Zenar's hrmh“”:

3
C‘Yu *;? i1 b‘% m(!%’%') } (atomic percent) (48)

where Al""n is the iree entrgy change accompanyiag the transivrmation
of one mol of sustenite to oae mol of ferrite in the abseace of carbon.
The values omw calenlated from Zener's -m‘mu shown {a

Table IX.
TABLE IX

Caleulation of €
T TR AY/RT C.'j {atomic %)
100 373 | c1.24 6. 62 x 10"
200 43 -0, 830 PRTE T
300 573 0o 543 138 x10”°
400 673 -0, 362 2,88 x 30”2
500 773 0, 232 3.46 % 10"
600 873 0,120 3.4 x 1072
700 973 0,050 2,08 x30"°
800 1673 0, 0838 1,10 x 10”2
910 1182 o 0

Is order to put all concentrations in grams of carbou/unit volume, the
{ollowing relations were used:
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welight percent C = 21,5 atomic percent C (49)
aad
.-"‘-e-y- s { ) o (g/em”) (50)
@0 x

mﬂﬁtiw&yﬁ~MMﬁGMhQﬂm The
densities used weore

« 1,87 g/em”

» 8,22 ;/m"

* 7,74 g/em’

Py -

'y-!‘c
4

Fe 36:

mmcac.‘mc"mumumadu&mﬁmh
Tabls X.

mma.amxma.mmmmawﬂ.c“).
and the valuss of C_ and C_ are ahown in Table Xl

The varistion {a ° with temperature is shown ia Figurs 69, Using
the values of a” from Figure 69, the measured values of i from Table
VILL aad squation (66), we can caleulate the valus of 3¢ for the iroa-
carbon alloys. The results are shown in Table XIL,

it can be sven that the vbserved valuss of the growth rate are higher
than the calcslated values of § by s factor of 10-100; howeves, reasonably
good agreemont exists between the caleulated growth rates and the values
of wo This seems veasonable since the model is based on & plane

frout analysis and these ars the counditions that exist at the sides of the
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TABLE XI
Caloulated Vatues of s°
eb ¢° g'.!“ 2
(molght® €) (grams C/em’) (grams Clem’) o
Ue 96 0.079 0. 517 3. 34 o3
1.16 0.09% G517 2,88 % 103
1.43 G117 2.517 L4 % 19~
T 8. 074 . 547 2,22 % Jp*t
b6 0,095 8. 547 1,908 % po~d
1,43 . 317 G. 517 1,54 % 102
0. 96 2.07% 0. 517 6o 78 X Jo~2
l.dé 8. 495 0. 817 8,72 % 104
1.43 0117 2. 517 4,92 < jo~%
0. 96 8. 079 0,817 Gel28
1.6 0.098 0,517 G109
148 0. 417 0. 817 2,095
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F1G. 69 - VARIATION OF a® WITH TEMPERATURE
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growing lens-shaped plate. The coaditions as the tip are much more
complex and it {2 not obvicus bow to modifly squation (46) to make it
applicable at the tip of the plate, The activation ensrgy for growth from
equation (46) ls 20100 cal/mol if we assume that the temperature
dopendoace of the values of ¢° and ¥_cancel cach other. This doss aot
agres very woll with the values of O, (14000 - 18000 cal/meol), but is in
reasonable agreemont with the values of 0 (T, ¢+ 7680 cal/mal).

The influence of carbon content on the growth rate can be predicted
from the Fisher model sisco the values of cam;k sre the oanly terms
in equation (40) which can be sifected by & change in carbon coutent.
Both the value of o” and X_ decrease with inereasing carbon coutent
{sece Table XII), however, thntucf'é: increases sligitly with
mmmummmmangmmmmiumu
with inereasing carbon content. This is coatrary to what is cbserved
wxperimentally, since we (ind that the growth rate is markedly decressed
by increasing carbon content (see Figure 41)s

Both chromium and sicksl decrease she growth rate markedly when
added at a constant carbon level (see Figures 39 and 40). Simce the
addition of slloying cloments does not seem to slter the value of x_ (sse

2 (a the Floher modal. No

Table VIE), they ssust salfect either Q: or ¢
Miﬂ.ﬂ&ﬂ.ﬂhtﬂ.ﬂﬂimm“n:: howevar,

since they do not affect D:, it scoms reasounnbie to assume they have so



~ 129 -

effect on 7, In this case the only effect of alloylng eloments on the growth
rate would bo their effect on the value of s>, Darkes ot al'>>) nave
recently set up & growth model for pearlite which is very similar to the
Fisher model for bainite, Their explanation of the iufluence of alloying
elements op the pearlitic growth rate s that they lower the carbon activity
gradisnt in the fervite (l.0. they change the valus of a2)e A similas
sxplanation ey be offered for the inlluence of alloying slements oa the

growth rate of bainite. Unfortunately, this problems camast bs treated
guaaitatively at present,
504 Medified Tishor Model

As smated in Section 2.7.4, the main drawback of the Fisher model
is that it cannot sxplain the suriace upheavals accompaaying the lormation
of bainite, The Krisomeut-Waver model doss this rather seatly by
postulating that carbide precipitation in the sustes ite lowers the carboa
coatent of the sustenite uatil it becormnes possible to form martensitic
ferrite., Unfortumately, it is not clear that carbide precipitation in the
austeaits is actually sccurriang.

it is possible to modify the 7isher model to explain the surface
upheavals by postulating, as do Krisoment and Vever, that the carbon
content of the sustenite is lowered at the ferrite/austenite interface.
rmmmmmmmmc“hqmuc¢.m
mmmcw<c.mamumnu c;. muc;uan
«rmmwm«mumnumm'nmummmmw
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formation of the bainite plate. This lowering of the carbon centent of
the austenite san seeur U carbon diffusion ls the farrite occurs se
capldly that the value a@t:“ {the carbon content of ferrite in equilibrium
with austenite) cannot be maintained, Ja order to keep the activity of
carbon the same in the austenite and fervite, on sither sids of the
ferrite/nustenite lnterince, the carbon coutent of the austenite will be
lowsred by carbon diffusion through the ferrite to the existing carbide,
Uunce the carbon costent of the austenite bas been lowared to the valus
amg, 2 thin laver of martensite con form. This would sxplain the
surfnce upheavals, The carbou lnherited by the martensitic laver sure
rounding the bminite plate cen diffuse rapidly owt into the ferrite or precipi-
tato oy carbide. Ouce the carbon has been removed from this region,
the carbon coutent of the auste ite can again be lovwered aad the whels
process repeated. Although this mechasisrn would tavolve tha diffusion
of carbou (b aunstenite (ae woll s in ferrite), this diffusion may oceur
ever such ohort distances that the diffusion of carbon in farrite (s still
the controlling fmetur.

With the medified Fisher model, the influence of slloylng slemonts
on the growth of bainits assume answ rele. The rate of remwoval of carbon
irom & swoall martensitic layer survoundiog the plate should be indepeandent
of the carbon cunteat of the origlenl austeaite since the carbon content
ammmamuwam;:uwm»mmwummm
not on the carbon comtent of the origiasl avstenite. Thus the influsnde
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of carbon content oa the growth ate ¢an caly be explained by the longer
mmum»mrmmac‘wc:mumm«um.
However, if this is true, it is uot clear why there should not be a marked
u«huﬂuht&uvv&mmmmﬂmmu.vbn

c;: cn.

The infllusace of alloying slements on the balaitic growth rate in the
modified Pisher model can be sxplained by their influence on the
activity gradieat of carbon in the ferrite and in addition by their influsnce
athmo!c:. Yiace, the sdditicn of slloyiang elemeats in general
m:mu‘. M-mmmmuc;. Aa stated iu the discussion
of the Fisher riodel it is not possible at present to explain the effects of
alloying elements guantitatively.

Toayn'®® 1a Japen has recently studied the hoights of the suriace
upheavals accompanying the formation of minite a8 a iunction of tempera -~
ture. His results for a 0.47 pereent carbon and 0,72 porcent carvbon
aickel~chromivmemolybdenurn steels are showsn ia Figure 70, I can be
seon that the height of the surface upheavals fall progressively with
tempe rature, with 2 smooth transitica {rom marteasite to poarlits,
These results can be explained by the modifled Fisher model siace
ucmnmmxc; deereases with lavreasing temperature and
it would be expected that the height of 2 surince upheaval would decrease
with decreazing carbon content of the martensite layer., R should be
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noted that the beights of the surface upheavals in Figure 70 are inde~
peundeat of the carboun contont of the steel. This will be true since the
“lmofcghll&wmalmmmmdﬁllm Bis
Lnteresting to note thet Teuya’ 1% 1oy alee studied the sate of growth
of bainite plates in & forging die steel (0. 76 pavcent carbon, 2,16 percent
uickel, 1.14 percent chromium, U.24 perceat molybdenum). e found,
as ia this work, that the plates grew at & constant rate and the activation
energy for growth he reports is 19000 cal/mol, His results are shown

in Figures Tia and Tib.

The resulte of the electron microscope work are in essential agree-

(% 10, 11, u’. The coarseusss of the

meat with other work of this aatere
carbide is idind to increase with temperature, with a tendoncy for the
carbides to line up along the long axie of the bainite region at higher
tempe ratures. The carbides at both low and high temperatures are sur-
rounded by a ferrite sheath and in a¢ case is carbide precipitation
observed to accur withia the austenite.

The eleciron diliraction results are somewhat inconclusive due to
the leability to it all the observed lines to any oue carbide structure.
However, at temperatures below 260° C, the number of lines and their
d values agree roughly with what might be expected {rom the s-carbide,

structure Jack - finds in the tempe ring of marteasite at low tempera -
tures. More work will have to be doune with electron diffraction in order



- 133 -

= '\'1‘_ o
055 b T o UATC NiCrMo Steet
. | & 072CNiCroSteel
050f Lo
045
e o
080}
035F 5@
o
2
P :
< (030
= oo
5 ! Q o
=3 025} &
Ead .
5 .
Bs
015
010F %BS
0] S Co
)

00 20 300 400 500 600 70
()
Transformation temperature

FIGURE 70, Height of the Surface Upheavals Versus Transformation
Temperature after Tsuya(20),



so?—azﬁ‘“"_""““"“"j
40F // - ‘“ -
20F /
60F 400°C ]
0 /
5 o/
60F 375°C /
.u)_
260 350°C T
£ 40F
E 20r // /
B aoF 325¢
(= A-O’
=5 o =
2 60 300°C T
338:
20“ /
60F 275T
110” /
520
Um0k -t 24000500

Time of transformation (>0

FIBURE 71, (8) Length of relief markings versus time for s 0,76% C
Ni-Credio die stsel from Teuyall),

_—
‘A
o
8
8
8
=20 e
C;) o g 8
‘s
2 ¢ o
g 10000 cal/mod
- 400 350 300
10‘3% | 4> 35 3215 () 20
C 1

i | La | L |
W0 0 160 10 180 190 209
Reciprocal Value of absolute temperature 1/T x 10

() mwmwuun%mm growth rates given
in Figurs Ti{a) after 'l'wya“”.



- 135 »

to more fully clarifly the nature of the carbides formed ia bainitic
structures.
5e6 Summary

It bas boen showa that at lower temperatures, where the bainite
plates have & lenticular shape, two characteristic growth rates exist,
cne growth rate for the width and one for the leagth. From these two
growth rates it is possible to calculate volume growth rates. At
higher temperatures 8 single growth rate is adequate to sxplaia the
sate of growth of the bainite regions.

The experimenis] data has besu compared to the growth theories of
Krisoment-Wever and of Fieber, The predictions of KrisementWever
concerning the variation of the activation energy for surface displace-
meat with carbon content and the value of the overall activation energies
are not conlirmed. Ths calculated waluss of the growth rate from the
Fisher growth model agree fairly well with the observed width growth
rates but not with the leagth growth rates,

A modified Fishsy growth model has been presented which assumes
.umam«mm«uadmummum
ferrvite/austenite interface to allow jor the formation of the bainitic
iarrite in » martensisic fashion and account for the surface upheavals
sccompanyiag the fovwoation of balnite, At pressat it is uet possible to
quantitatively compare this model with the experimental data, It is
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this martensite-typs formation of the ferrite phase of bainite which
dilierentiates bainite irom pearlite. The ferrite phase in poariite
is {ormed by the normal diffusion-coutrolled growth muechanism and
results in uwe surisce upheavals,
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e CONCLUBIONS

1. Balaits plates grow slowly at & constant rate which is tewnpera~
ture depeadent. This temperature dependence of the growth rate caa be
expressad by the eguation:

i =B exp (-0, /RT)
where Q, has & value between 14000 aud 18000 cal/meol.

2s At lower temperaturves where the bainite plate has s leogticular
shape, there are twe characteristic growth ratas, one for the leagth and
one for the width, The width growth rate is given appraximately by the

eguation:

O‘ + 7680

v t!”ﬂwb-—-—fﬁ-—-ﬂ

3¢ The bainitic growth rate is docreased by increasing ihe carbon
content in ivoa-enrbon alloys. Chromium and nickel additions at a
coastaat carbon level of 1,3 percent carbou alse decrease the growth
rate.

4. The predictions of the Krisement~-Wever theory conceraniag the
variation of the activation energy {or suriace displacement with carbon
content and for the vale of the overall activatios eaergy are aot
couiirmed,

8, The caleulated growth rates (rom the Fisher model agree with
the observed wihith growth rates. The length growth rates are greater
than ths caloulated values by & lactor of 10 - 160,
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é. The Tisher growth model can be modified by assuming that the
carbon conteat of the austenits is lowered adjacsat to the farrite/pustenite
iateriace io account for the surfsce upheavals accompanyiag the formation
of bainite.

Te Zwamination of basimitic structures with the electron microscope
shows no evideace for the precipitation of carbide withia the austeanite,
The cosrseness oi the carbide phase increnses with incrsasing tompora~
mmumm.mm-nmmwahmm

8, The results of the sleciron difivaction werk indicate the posei-
bility of the formation of e-carbode in bainite structures formed at low

tsmperatures.



7o FUGGUSTIONS FOR FUTURE WORK

1. The modified Fisher growth model should be set up in a quanti-
tative (ashion so¢ that it can be compared with the present uperimental
data.

2. A move intensive electron diffvaction investigation should be
made of the beinite structures formed at low temperatures in order to
more fully clariiy the nature of the carbide phase forming in those
slructares,

3. A thorough study of the ¢/a vatio of the jerzite phase ia baiaite
should be eonde usiag the technique of Kurdjumov and Lyasak, ia order
to settle the guestion of the carbon coanteut of the ferrite., Both alley
and plain carbou steels should be studied in crder to chack the results
of Rurdjumove

4. The lattice parameter of the ausissite should be studied to
determine the carbon content of the ausissite, as a functica of the holding
time in the baiaite range. Low, medium, sud high-carbon steels should
be studied to cheok the work of Sutin in Russia. At the same time, the
microstrustures should be evamined to ses i the reported change of
carbon content of the sustonite is due selely to the baluite reactica
or due to cornplicatiag side reactions such as the sepavate formaiion
of carbide (n the bainite raunge.
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