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Report Number WAL 310/37-2
Problem Number J=5,1 25 January 1945

PRINCIPLES OF PHASE TRANSFORMATIONS

Third Partial Report

OBJECT

To formulate the general principles which govern the
decomposition of austenite.

SUMMARY

An extended review of the results of this report is
given as Part IV, where the results are applied to an intere
pretation of the time-temperature-transformation diagram,

A brief review of the results is given below.

1. A revicw is given of the general principles which
govern the phenomena accompanying the decomposition of
austenite. These phenomena include nucleation, propagation
of interfaces, grain growth and spheroidization.

2. The main features of pearlite formation are found
to be derivable dircctly from fundamental principles. These
features include: the varlation of interlamellar spacing
with temperaturc, the shape and the position of the pearlite
70" curve, the mcchanism whereby strong carbide forming
alloys retard the formation of pcarlite,

3. The formation of bainite is interprcted as a transe
formation of the face-centered austenite lattice to the
body=centered ferrite lattice without a change in carbon
distribution,

4, Many of the characteristics of bainite and of bainitc
formation are rcoadily derivable from this interpretation,
These characteristics include: the formation of only a

limited amount of bainite at the highest transformation temper-

atures, the improvement in physical properties of low temperw
ature balnite over high temperature bainite, the order of
alloying elemente arranged according to thelr effectiveness
in retarding the formation of bainite.

5. Martensite is interpreted as having essentially the
same structure as untempered bainite .cxcept that, due to

ki Tl e e S e e =




) 64

2

1ts mode of formation, residual stresses are present.

6. The manner in which alloying clcments affcct the
formation of martonsitc 1s found to be such that, when
arranged in tho ordor in which they lowor the Ar“ tempera-
ture, the ordor is the samc as when arranged according to
cffoctivencses in retarding the bainite transformation.
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INTRODUCTION

The ecuilibrium relations in steels, the subject of
the first and second partial reports of this series,l must
form the basis for a sclentific approach to the problem of
the heat treatment of steel. From the equilibrium re-
lations alone, nowever, practically nothing can be sur-
mised regarding tne mechanical properties of the steel.
These properties depend primarily upon the mode of distri-
bution of the two »nrinclpal phasc¢s, ferritve and carbide.
Even alloying clements affcct the mechanical properties of
steel largcly through thelr influence upon the distribution
of the ferrite and ccmentite.2

The initial stage in the heat treatment of steel 1s
austenization. In this process the steecl 18 heated to such
a high tempcerature that (1) all the constituents become
uniformly dis“ributed, (é) the lattice structure is of the
face~centercd cubic type. The second stage i1s the cooling
of the stecl. The steel may then he used as 1s, or may be
subjected to further heat treetment. In any case, the
mechanical propervies of the end vroduct arc largely con-
ditioned by the modc of distribution of the cementite after
the steel has becn cooled from the austenitizing tempera-
ture. It is with the principles which determine this dis-
tribution in the as quenched steel before tcnpering that

the present renort, the third of this series, i1s concerned.

Although the rcuctions which occur on cooling are




essentially irreversible, none the less equilibrium re-
lations play a fundaiiental role therein. Tlie irreversi-
Vility resides oHrinarily in the diffusion phenomena. The
actual aavance of a nhase boundary is found to occur under
essentlally reversible conditions, tae concentrations of
the cconstituents being in equilibrium on the two sides of
the boundary. ©Since diffusion obeys well known laws, the

irreversible puenomena wnich accompany tihe cooling of steel

% Al

from the avustenitizing temperature are tierefore suscepti-

ble to exact mathenatical treatnent.

e A

I. GENERAL PRINCIPLES

A, Equilioriwa Diagrams,

A8 18 well xnowm, meny conventional equilibrium dlia-
grams do not represent true equilibrium conditions. This
is the case for tiie iron-carbon diagram as usually drawn,
since cementite nay decompose with the formation of graphite.
Such a lack of true ecuilibrium in no wvay detracts from
the usefulness of the conventional Jdlagrams, since, when
properly used, tuey do represent the actual equilibrium
concentrations in tie absence of nuclel of the more stable
phase.

Caution must be used in the interpretation of equi-

librium dilagrams, even those representing true equilibriun.

In such diagraiie e implicit assumption is always made
that the interface between two phases is a plane. In other

words, surface tension is not taken explicltly into account.
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When Gthe interface is curved, as is always tie case 1f

one phase is dis»nersed and the other nhese is contlnuous,
the equilibrivi concernicrations are not those given by the
equilibriun diagrans., 7.e ecullibrium relations nust then
ve computed frox Iirst princinles using tine condition that
any transfer of atvoms must e accompanied by no change in
free energy.

Equilibrius relatione have physical significance even
when the syster ag a wi.oie is not in ecuilibrium, as when
& neu Jidjerged ninae: is growing in an undercooled continu-
ous phase, As an exaxple, the case of tie growth of
ferrite grains from a hypoeutectoid austenite will be con~-
sidered. The advance of the phase boundary is accompanied
by two distinct shnenomena: (1) a shift in the position of
each lattice atvom 80 as to produce & Y0ody-centered structure
from a face-centered structure; (2) a diffusion of carbon
atons away from tie edvancing interface. The shift of an
iron atom on the austeiite elde of the phase boundary to
the Territe side of tiie nhase boundary represents a move-
ment which is relatively small compared to the movement
of a carbon atow iroin one interstitial position to another.
One therefore anticinates that the rate at wilich the
ferrite grain grows will be determined solely by the dif-
fusion of the carbon atoms and not by tiie transfer of the
iron etoms froa t{iie austenite to the ferrite lattice po-
sltions, except of course in the case of very small carbon

concentrations, According to this viewpoint, the position

itk S s 0 S
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of the phase boundary will be determined solely by the
condition that the free energy be & minimum. The rate of
advance is just such as to maintain the equilibrium con-
centration of carbon on the austenite side of the inter-
face. How fast this rate of advance must be in order to
malntain this equilibrium concentration depends in turn
upaen the rate at wilch the c¢arbon diffuses away. According
to the viewpoint herein adopted, the growth of one phase

in another is therefore completely specified by the
partial differential equations which govern diffusion, to-
gether with the condition that the phase boundaries move
at such a rate as to maintain the equilibrium concentration
Just ahead of the advancing boundary,

The extensions of the phase boundaries into the so-
called metastable regions have Jﬁéi a8 much physical mean-
ing as do the phase boundariee th;mselves. Such extensions
are illustrated in Figure 1 for the iron-carbon system.
Thusd suppose a hypoeutectoid steel of carbon'goncentration
X, is quenched to the temperature T;. Free ferrite will
then begin to grow. The comp?sition of the austenite just
ahead of an advancing ferrite grain with a plane boundary
is then given by the value of the extension 8G' at Tl.
Similarly if a hypereutectoid steel of composition X{ ise
quenched to the temperature Tp, free cementite will begin

to grow, The carbon condentration in the austenite Jjust

ahead of an advancing cementite grain with a plane boundary

Ak Sl e

Ailiiare de e biab, poataeoc




will be given by the value of the extens.on BE' at T,.

Finally, if & nearly eutectoid steel 1s quenched to the

temperature T3, both ferrite and cementite will begin to
form:. If the phase boundaries could be regarded as plane,
the austenite just ahead of the advancing ferrite and of
the advancing cementlte grains would have the compositions
given by the extcnslons B8G' and BE', respectively, at T3.
The modification of the concentrations due to the finite
curvature of the phasc boundaries 1s of precisely the

same nature as when the ferrite and cementite form above
the eutectoid temperature where the conventional equilibrium

diagrems are applicable.

B. Nucleation,

As has previously been mentloncd, the condltlion for
growth of & ncw phase is that such growth decrease the
total free energy of the system, including the interface
energy. Thle condition acts as a severe hindrance to the
initlation of graine of the new phase, The mechanism of
this restraint may best be 111ustrated'ror the case of a
spherical grain. If the radius of a spherical grain in-
creases from R to R + AR, the ratio of the increase in
volume to the increase in surface area is (1/2)R. There~
fore the ratio of the free energy liberated by the volume
transformation to the free energy needed to increase the °
interfoce varies as R, At any given temperature below .

the equilibrium temperature a critical radius will therefore

-



exist such that all the free energy liberated by the
transformation is used up in increasing the area of the
interface. If the radius is smaller than this critical
value, the total free energy would be increased rather
than decreased by growth. Grains having radii smaller
than the critical value will therefore becomne smaller
and finally completely disappear.

The above thermodynamical argument explains the d.Lffi-
culty of initiating tThe growth of a thermodynamically stable
phase, a difficulty wihich is illustrated by the numerous
well known examples of underconling. A serious difficulty
arises in understanding how a grain can ever attain its
critical slze, since, according to thermodynamics, smaller
grains can only grow still smaller. : The standard method
of resolving this method is by means of the theory of
nucleation.B’u

According to the science of statistical mechanics,
thermodynamics tells only what is most likely to happen,
not what must hapnen. It is.therefore possible, but
perhaps very unlikely, that a grain may grow from atomic
dimensions to the critical size in contradiction to the
laws of thermodynamics. This probability may, in principle,
be computed. It is proportional to exp { -Golk?j , where
G, is the free energy necessary to form the particle of
critical size, and k is Boltzman's constant, 3.3 x 10’24

calories per °C. Grains of the critical size are called

-8-
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nuclely, and their formation ie called nucleatiaen.

Two properties of the nucleation factor exp {—Go/kT}
are of particular pertinence to the present discussion. The
free energy G, becomes infinite as the amount of under-
cooling'becomee zero. The explicit expression for G, may

(See Fevend B)
readily he ahowg«to be

Gy = (16n/3) - G5/ (80y)? (1)

where GB is the energy or.the interface per unit area, and
AGV 18 the free energy liberated pef unit volume by the
transformation. The interface free energy 1s nearly in-
dependent of temperature, while the volume free energy 1is

proportional to the amount of undercooling AT. Therefore
G, A 1./AT2 , (2)

8o the nucleation factor rapidly approaches zero as the
amount of undercooling itself approachee zero. As & con-
sequence, the rate of formation of a new phase 18 always
zero Just below the critical temperature, and increases £o
& maximum value at some finite amount of undercooling.

The second important property of the nucleation factor
exp {-Gc/kT} is its extreme smallness. As a consequence
of thls smallness, nucleation will proceed in that manner
in which the critical free energy is a minimum, however
improbable such nucleation may seem. The condensation of
water vapor may be cited as a familiar example of this de-

duction. The critical free energy o0f a water droplet 1s
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much emaller when the droplet contains an electric charge
than when it ocontaine none. The path of a single high
speed electron in a supersaturated vapor may therefore

be detected by the droplets which condense about mole-
cules idnized by the ele¢tron., 8Similarly the oritical
free energy of a precipitate from a solid solution is much
smaller when the preclipitate is adjacent to some imper-
fection than when it occurs in a perfect lattice. Grain
boundaries constitute & common type of imperfection. As
an example of the influence of grain boundaries in alding
nucleation, the case of cementite precipitating from
eutectold austenite will be considered. At 100° C below
the euteotold tempereture, the critical free energy for

a nucleus is 1,0 x 10'1u calories, provided the nucleus

is completely surrounded by an austenite matrix (see Ap-
pendix B). For this case the nucleation factor is

1071, 300,060 1£ on tne other hand, the nucleus is

a hemisphere bounced on i1ts plane side by a grain boundary,
and if the interface energy 1e the same between the new
and old phase as vetween two grains of the same phase,

then the nucleation energy is anly one half of its previ-
ous value, The grain boundar& nucleation factor 18 there-
fore 10‘650:000, waich is 10650’OOO times as large as

for nucleation within the grain. The fgctor'1065°n°°°

is 8o large as to ensure that nucleation wilf occur at

the grain boundary rather than in the interior of a graln,

~10-
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in splte of the fact that there are many more potential
nucleation positions within the grain than on the grain

boundaries.

C. Kinetics of Phase Boundary Propagation.

The advance of an interface boundary mey involve only
a changke in lattice type, as in an allotropic transforma-
tion of a pure metal. The advance may also involve only
a change in composition, as may occur wien two elements of
the same lattice types are completely soluble in one
another at a high tenperature but not at a lower tempera~
ture. Finally, the advance of an interface boundary may
involve .oth a cliange in lattice type and also a change
in composition. Tnis last case is the most common of
the three, and is the only case which will be discussed
here. In this discussion only a single solute will be
assumed to be present.

If the phase boundary remained stationary, the ratio
of the concentration of solute atomé .on the two sides of
the interface would rapidly approach the equilibrium ratio,
1,e.,1

~ (Gp=Gy ) /T

02/01 = (ﬁ?.‘/.sl)e (3)

In this equatlon the subscript refers to the phase, B 1ls
unity in the case of substitutional solvtes, is equal to
the ratio of interstivial positions to lattice atoms in

the case of interstitial solutions, and G refers to the
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atomic free energyl of the solute per atom. If the phase
boundary advances sufficlently rapidly, tnere is not

time for an anpreciable change in concentration on the
two sldes of tihe interface, and the concentration of the
solute remains unchanged.

The equilibrium ratio is essentially maintained when-
ever the rate at which the phase boundary advances 1is
limited primarily by the rate of diffusion of the solute
atoms away fromn: or towards the advancing phase boundary.
This situation appears to arise in the high temperature de-
composition of austenite into free ferrite, free cementite,
or into pearlite. The phase boundary can advance without
any change in composition only when the temperature 1s
sufficiently low so that the free energy of the system is
decreased by sucih advance. As 1s discussed later, this
situation arises in the formation of low temperature
bainite. It is also possible that the phase boundary ad-
vances at suci a rate thap the equilibrium ratio of solute
concentration on its two éides 1s partially but incom~
pletely attained. It will later be shown,ﬁhat this 18 the
situation in the formation of high temperature balnlte. In

such an intermediate case the kinetics of the phase

'boundary advance is especlally complex. The simpler case

of complete equilibrium on the two sldes of the phase
boundary is discussed in detall below.
The variation of the solute concentration on the two

sldes of an advancing phase boundary 1s shown schematically
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in Pigure 2. In computingz the velocity of thc nhasc boundary,

VB' the simplifying assunption will be made that the denslty

of thc solvent atoms 18 cssecntlally the same in the two

phases., We shall let the concentrations Cl and 02 refer to 1
tne number of solute atoms pcr unit volumc of the two phases.

The currcnt density of atoms in the old phase away from tho

phase boundary is then ziven by
curreas density = (Cp = Cy)g Vg,

wnere current density refers Lo the net number of solute
atoms which cross a unit area in unit time. The current
density may also be ciupresscd in terms of the atomric dif-

fusion coefficient D by thc following equation
current density = ~D(8Cp/§X)g

where X refers to the coordinate normal to the phase bounda-
ry, and whcse positive axis extends into the o0l1d phase. Upon
combining the above two cquations for the current density,

onc obtains

Vo = =D . (§C : 4
B -(G—E:EI-)—B t 2/SX)B (4)

In certaln cascs, such as in the growth of cementite,
the concentration C; 1s fixed. In other cases, such as in
the growth of ferrite, t:is concentration 1s to some extent
indeterminate. The only unavoidable restriction upon Cy

is that 1t be such thatv i no element of volume can the free

=13~
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energy be increasing. Upon applying this restriction to
an element contalning the interface, 1t 18 found in Ap-
pendix A that

(Co=Cq)y = AG/KT , (5)

where k 1s Boltzman'e constant, and 4G i1s the free energy
liberated by the transfer of a unit volume of solvent
from phase #2 to phase i1, When the equality eign is
valid in Equation (5), no free energy 1s dissipated at

the interface boundary 1tself as the boundary advances, all
the free energy 1s dlssipated by the diffusion of the
solute atoms ahead of the advancing boundary. Reference
to Equation (4) and to Figure 2 shows that the gredient of
Co, at the boundary increases in magnitude with (Cp-Cq)g
faster than <CE‘C1)B itself. The veloclty of the phase
boundary may hence be seen from Equation (4) to have a
maximum value when the equality sign in Equation (5) 1s
valid. Thie equality sign in Equation (5) will therefore

be assumed to be vslid unless speclal conslderation demands

otherwise, 1i.e.,
(€Co=Cy )y = 4G/KT (6)

It is to be notcd that Equations (3) and (6) are just the
equations which determine the concentration of the solute

in two phases when they are in absolute equilibrium.

D. Kinetics of Growth of New Phasc.

The general principles which govern the growth of a

~14-
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new phase into an o0ld nhase have been discussed by Carpenter
and Robertson.5 In the present section the principles
which they clearly enuncliated are nresented in a more quane—
titative form than heretofore.

The velocity with which every part of the phase bounda-
ry propagates is glven by Equation (&), In this equation
the concentration gradient (502/3X)B may be represented as

the ratilo
~52/éX) = 80/L . (7)

Here &C 18 the difference in carbon concentration in the

parent phase Just at the advancing boundary and far away

from the boundary. It is this concentretion difference

which gives rise to diffusion. The quantity L has dimenslons
of length, and will in every case be related. to some linear
dimension of the advancing phase,

Upon combining Equations (4) and (7), one obtains

e dot B b i

vy = LG (o/L) . (8)

(C2~C1 1

Since in this equation the concentrations occur only as a

ratlio, they may be expressed in any desired units,
From Equation (8) one may reach certain conclusions
regarding the shape of a growing grain, conclusions which
may also be reached from general considerations upon
diffusion.6 IZ the phase boundary were a plane of such |

large extent that diffusion was everywherce normal to the

-15-




plane, the effective diffusion distance L would gradually
1ncreéee, therevy lowering the velocity of growthy On the
other hand, 1f the vphase boundary is convex towards the parent
phase, as 1s usually the case, the effective diffusion
distance L willl be comparaple to the radius of curvature of
the surface. From this fact one therefore deduces that the
smaller the radius of curvature the more rapid the rate of
growth. If a grain grew as a spheroid, 1ts linear rate of
growth would gradu&ally decrease as its size, and hence the
radius of curvature of its surface, increased. On the
other hand, a plate may grow edgewlse and maintain a con-
stant radius of curvature at the growing surface, and there-
fore also a constant rate of growth. The rate at which the
thickness of such a plate increases will gradually decrease
with time, as previously explained. An initially platelike
grain will therefore recmain platelike. On the other hand,
8 growing spheroidal grain will not remain spheroidal, for
the slightest fluctustion from a spherical form will grow,
resulting finally in a plate. This facility with which
plates grow edgcwise compared with the radlal growth of
spherolds explains tlhie necarly universal occurrence7 of
platelike structures in thc initisl stage of precipitation
in solid solutions,

One might surmise from the preceding discussion that
the radius of curvature of the edge of a plate would con-

tinually decrease as 1t advanced, A lower limit to this

~16-
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radius of curvature i1s limposed however by the change in

eouilibrium relation with change in curvature of the inter-
face. The example of a free cementite plate growving in
austenite is snown in Flgure 3., It is supposed that when
the steel 1s at a high temperature T, 1t has a homogencous
austenite stiucture of carbon concentration X. When the
temperature is now lowered to Ty, the concentration of
carbon in the austenite whiceh 1e in equilibrium with the

cenentite 18 X-oC , provided the interface 1s plane. The

0!
maximum concentration dilference in the austenite Jjust at
the interface and further away is therefore AGO « On the
other hand, 1if the l:c¢erface 1s convex towards the aus-
tenlite, as 1t must oc 1f the cementite le growing, the
boundary of the gaime phase 1s lawer than for a plane inter-
fece, and thereforc tane concentration difference 1s less
tﬁan &C,. Since for small curvatures of intcrface the

shift in boundary is proportional to the ocurvature, tho con=-

centration differsence 1s given by
2C = (1 + rofr) 46, (9)

where r, 1e the critical radius of cﬁrvature at which the
concentration difference is zero. Upon combining Equations
(8) and (9), one may now determine what curvature the odge
of an advancing plate approaches. This limiting curvature
will be such as to make the veloclty of advance Vg a maxi-
mume Blnce the eflective diffusion distance L is pro-

portional to the radiue of curvature r, the radius of

_.l?;.
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curvature will anproach that value whioh maximizes the
| ratio (1 - ro/ri/r. This value is 2r,.

Referenoe to Figure 3 shows that when the radius of
! curvature of the interface is 2r,, the amount of under-
cooling is exactly half its value for a plane interface,
S8ince the change in free energy is proportional to the

amount of undercooling, we conclude that as the plate ad-

Al . .

E
E;' v;ncee,only one half the available free energy 1s irre-
EJ vereibly dissipated in diffusion, the other half remaining
;% as interface encrgy.
E; We are now iun a position to determine how the velocity
% varies with temperature. The concentration difference AC
;j that causes diffusion in the parent phase 18 proportional
‘;1 to the amount of undercooling AT. The effective dlffusion
| distance L 18 pronor-tional to re, which in turn is inversely
b proportional to AT. Finally,. the diffuelon coefficlent
:1 varies with teuperature as
~Q/RT

Da~oe (10)

F, Upon combining these three factors, we obtain from Equation
(g)
» =Q/RT
Vg~ (OT)° e . (11)

This velocity is very emall at small amounts of undercooling,
due to the small concentration differcnoce AC which drives
the diffuslon, and to the large distances over which dife

fueion must occur, It is aleo very snsll for larger amounts
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of undercooling due to tihe slow rate of diffusion at low
temperatures, An intermediate amount of undercooling

exlste at which VB is a maximum,

5, Bpheroidization,.

If only a single grain were growing in a4 matrix, 1t
would continue to extend indefinitely. That portion which
was extending the most rapldly would maintaln a counstant
radlus of curvature, nciiely twice the crit;cél radius r,.
The growing graln would therefore maintain a nlatellke
shape. In all actual casges neighboring growing grains will
eventually impede growth, Such an lmpcdiment may be taken
account of phenomerologically by considering the concentra-
tion of the parent mairix to be gradually changing. If
the growlng phase can be regarded as a preciplitate, such
as cementite, the concentration of the parent phase may
be regarded as gradually decrcasing. Such a decrcase in
concentration will eventually lead to the spheroidization
of the original plates, even though the temperature be
maintained constant. The mechanism of such spheroidization
1s discussed nelow,

The process of swpicroldization may best be described
by reference to Figure :'s In this figure are drawn the
boundaries of the parci.t rvhase for a series of.valuee of
the redlus of curvat rc of the lnterface, the curvature
being taken as convect towards the parent phase. The

uppermost boundary corresponds to & plane interface, the

W
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lowernont boundsry tc an interfece with the critical radius
of curvature for the concentration Xo and tenperature 7l,
If now the tewperat: i*c of the parent phase wlth concentra-
tion X, 1s suddenly iowered to, end maintained at Tl,

tie radius of curvature of the advencing pnase will be

r, = 2r,, @8 previously explalned. This radius of curva-
ture 1s tnat for whlich the rate of growth le 8 maxinum.

As growth proceeds, the concentration of the surrounding
parent phase 1s graduaily reduced by the growth of nelghbor-
ins greins, The criticel racius of curvature, as well as
the actual racdius of “curvature, will thirefore increase,
Thus when the concentrutlon has been reduced to xl, the
actual radius of curvature is increased to ry, etc.. As
growth oroceede, ané tne concentretion of the parent pnase
becomes reduced, the critical radiue of curvature will
increase so fest tiwat thie actuval redius of curvature will
begin to log “einlud tiie radius for maximum rate of growth,
namely twlce the crltiical value. Finally the critical
radlus of curvature will become equal to the esctual radius.
At this time growtﬂ ceages at the edges. Further growth
can then proceed only upon the faces, Aes the oritical
radius of curvature further lncreases, the cdges begln to

dissolve, BSpheroidization has then commenced.

II. PURE IRON-CARBON BYSTEM

A, Formstion of Pearlite.

The manner in which & single ferrite or a single cemen=

-20-
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tite graln pgrows isotheraally depends markedly upon whether
the temperature of growth 1s above or below the eutectold
temperature. If a fcorrite grain grows above the eutectoid
temperature, the carbon conocentration of the austenite
immediately surrounding the growing grain is along the
boundary G8 in Flgure 1, and is therefore not sufficlently

high for ce 2antite nuclei to form and grow. The grains

sl L pale S by Nred g boney G s,

will therefore grow indefinltely, given tiwe,, On the other
hand, if the temperature is below the eutvctoid, the carbon
concentration in the austenite immediately surrounding the
grain lies upon S8G!, and 18 therefore sufficiently high
for the formation of stable cementite nuclel, Similarly,
a cementite grain growing above the eutectold temperature
Al frted By Ay g i,

can continue to extend indefinitely, while below the
outectold temperature 1t will eventually become surrounded
by ferrite. The growith of either a ferrite or of a cemen~-
tite graln below the cutectoid temperature cannot at
present be adequately describc@, since the theory for
nucleation in the surrounding austenite has not been de-
veloped., |

If the temperature 18 below the eutectold, and the
carbon concentration liee betwocn SE} and 8G', ferrite and
cementite nuclci may form and grow simultaneously. In
such cases the cementite and ferritec grow as parallel

plates, and form what is known as pearlite, Thc laws of

formation of puarlite are described in the following sections,
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1l. Interlamellar Spacing.

The temperature variation of interlamellar spaeing
in pearlite »f eutectold couposition hes been the subject
of careful experimental study by Mehl and his collabo-
rators.s’la The pearlite which forms just bolow the eu-
tectolid temperature has comparatively large spacing. This
spacing decreases continuously as the temperature of forma-
tion is lowered. The pearlite finally becomes 80 fine as
to be unresolvable by the microscope,

The minimum possible interlamellar spacing S, in
pearlite formed 1aothefmally may be computed by pure thermo-~
dynamic methods. From the arguments presented in a previ-
ous section, it may be deduced that that pearlite grows
most rapidly in which the spacing is twice this minimum
spacing.

In the computation of 8; one inquires as to what is
the condition that the frce energy of the complete system
bc lowered by the growth of a pearlite nodule. This condi~-
tion is that the free energy released by the transforma-
tion be more than'suffioient to supply the encrgy as-
sociated with the interface between the cementite and the
ferrite plates. In order that thié condition may be ex~
pressed in a precisc mathematical form, a pearlite nodule
of interlamellar spacing SO is considered to be advanc-
ing into the parent austenite, as illustrated in Figure 5.
An equation will be set up which says that as the nodule’

-2
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grows the free energy remains unchanged in a region which

inclules one cementite and one ferrite plate., This volume
18 indicated by dotted lines in Figure 5, and will be con-
sidered to have the depth W. When the nodule ad&ances a
distance dX, the volume of asustenite transformed in the
region under consideration is B, ° W ° dX, and therefore

the mass of the austenite transformed is,® 8, * W ¢ dX, where
/O 18 the density. Thc free energy which 1s available for

the formation of new interfaces is therefore

avallable free encrgy = Lmaee . Te~T o8y ¢ W dX, (11a)

&

where Lmaea is the hcat of transformation per unit mass. The
inocrease in the total interfacec area is W °2dX, Upon
taking S as thc surface energy per unit area, thc inorcase

in interfaoc energy 1s given by
incrcasc in interfacc energy = 28 * W - 4X . | (11b)

Upon equating thc avallable frce energy to the inorease in

interface encrgy, one thcrefore obtains

L o Tg~T p8 =238 . (12)
ma.e s | o
Te
The solution of this ecquation for the interlamellay spacing
gives
8, = R”T¢ S . (13)
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According to Equation (13), the interlamellar spacing
is inversely proporticnal to the amount of undercooling.
Therefore a nlot on log paper of the interlamellar spacing
ve. the amount ct undercooling should give a stralght
line with a slope of =1. Buch a plot is given as Figure 6
of the data from reference 11 for a eutectold steel. The
data are seen to be consistent with equation (13).

By extrapolation one surmises from Figure 6 that if
pearlite could form at the absolute zero, 1ts interlamellar
spacing would Le of the order of magnitude of 200 Angstroms,
This conclusion ie in violent contradiction to the view of
Mehl8 that the interlamellar spacing has a heat 6f activa=
tion, and approaches atomioc dimensions at temperatures not
far below the nose of the 8 curvé.. The same data which
were plotted in Figure 6 have also beep plotted in Figure
7 according to Mehl's viewpoint, i.e., the log of 5, vs.
1/T. The experimental points fall upon'a straight line
in this graph just as well as in Figure 6. The extrapola=
tion of this plot to lower temperaturss gives however
radically different results than the oxtrapolation in
Figure 6, Thus at 400° C the interlamellar spacing 1is
given as onc Angstrom. A comparison of Figures 6 and 7
1llustratcs the danger of extrapolating a formula which fits
experimental data over a limited range, but which has no

sound theoretical basis.

One may now usc¢ Equation (13) to compute the inter-

face onergy density S. In this equation 8, rofers to the
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minimum interlamellar spacing which allows growth. As
has previously been mentioned, those nodules grow most
rapidly whose interlemellar spacings are twice the minimum,
Pherefore the spacings given in Figure 5 may be considered
as twice the minimum specing. The equation of the straight

line in this figure is then

28, * (Te=T) = 0.0017 cm °C . )

The experimental value for the heat of decomposition of a

eutectold austenite 18>

L = 20,5 cal.,/gram . (15)

mass

Substitution of Zquations (14) and (15) into Equation (13)

leads to

8= 6,8 x 1070 calfem® = 2,800 dynesfem . (16)

This surfacc tenslon of cementite in alpha iron 18 nearly

twice the reportedlu macroscopic surface tension of steel

in air, namely 1500 dynes/cm.

2. Peariite "C" Curve.

A clear nicture of the kinetics of the edgewise growth
of a pearlite nodulc was first presented by Hultgren,l5
and 1s shown in Figure 8. The concentration of carbon in
the austenite 18 greater just ahead of the ferrite than Jjust
ahead of the cementite, This difference in concentration

results in a diffusion current of carbon in the austenite

-25~




from the ferrite interface to the cementite interface, as
indicated in this figure.

Since a growing pearlite nodule does not appreciably
change the carbon concentration of the surrounding austenlte
at distances greater than one interlamellar spécing,
neighboring pearlite nodules 4o not influence each other's
growth until they impinge upon one another. Their rate of
growth 1s therefore constant. In the particular case where
nucleation at the grain noundary ie infinite, i.e. when
the boundary upon undercooling instantly becomes covered
with pearlite growing inwards, the time for complction of

the resction in an austeriteo grain is given by

T = Radius of Grain . (17)
Velocity of Growth

Upon observing that the heat of activation for diffusion of
garbon in austenitépla’ 36,000 cal,./mole, one thercfore ob-

tains from Equation CfO) for a eutectoid steel,
-18,000/T

Vv o (1o1)P (18)
where T, 18 the eutectold temperature. A plot of this
equation is presented as Figure 9. This theoretical "C*
curve for infinlto nucleation rate 18 precisely of the same
shapc as observed. The nose of this theoretical ocurve
occurs slightly above the temperature of the nose of the
observed "C" curve for eutectoid plain carbon stcels. If

due account”werc taken of the fact that the rate of
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nucleation ie not infinite, the upper portion of the pear-
lite "O" ocurve would be displaced to the right relative to
the lower portion., This relative shift would lower some-
what the temperature of the nose, thereby bringing the
theoretical "C" curve into better agreement with the ex~
perimental "C" curve,

The horizontel position of the nose¢ of the "C" curve
may be computed from Equation (8). The numerator of the
first factor refers to the excess in concentration of
carbon in the austenitec Jjuat ahead of the ferrite over
that Just ahead of the cementite plates. At the tempera-

ture where the theoretical "C" curve is at a minimum,

namely 630° C, this concentration difference 18 1.U%. At
this temperaturc the denominator of the first factor,
namely thce excess of carbon concentration in the cementite
over that in the austenite Ju€t dhead of cementite, is

6%. The first factor is therefore 0,23, The thermal dif- '!
fusion coefficient of carbon in austenite at 630o C may bo
estimated by an extrepolation of the data of Wells and

16

liehl. From Figure 10 this extrapolation is seen to give

RN S

the value 2.5 x 109 cm@/sec, The effoctive diffusion i
distance L will be related to the interlamellar spacing B8,.
We shall set

S o

L=a8, |, (19)

where o 18 a numerical coefficient. Although the velocities

oy
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of the ferrite and of the cementite plates must be equal,
the individual factors in Equation (8) depend upon which
type of plate is under consideration. When, as in the
present case, the cementite plate 1s conseidered, the
effective diffusion length L will be comparable to the
thickness of a ccmentite plate, so that the coefficlient a
will be comparable to 0,12, Finally, upon taking from
Figure 6 the interlamellar spacing at 630° C as 1.8 x 1079

cm, we obtain

V3 = (3.2 x 1072/a)em/sec (20)

as the veloclty at waich a pearlite nodule advances at
630° C.

The time for the complction of the reactlion may now be
obtained by substituting Equation (20) into Equation (17).
For an A,S.T.l. grain slze of U=5, the radius of the average
grainl7 may be taken 4s 0,004 cm. For such a grain size

the time for complciion of the pcarlite reaction is, accord-

ing to Equations (17) and (20),
T =120 a secs.

The experimental value18 for the completion timc &t the nose
of the "C" curve for 2 plain carbon stcel (0,3% Mn) of this
grain eizec 1s 5 secs, In order to bring the theoretical
"and experimental times for completion into agreement, it

18 ncecessary that the numerical constant o be 0.0N, one
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third the value obtalned by identifying the erfectlve
diffusion distance with the cementite plate thickness. This
value of a is sufficlently oclose to that predicted from
general considerations so that one can be confident that
the picture of growth herewith presented ie essentially
correct. A precise computation of tbe time of completion
would involve a preclse computation of the veloeclity of
growth VB, which in turn would require the precise determi~-
nation of the shape of the¢ cementite-austenite and of the
ferrite~austenite interfaces, and the solution of the
differential equations for carbon diffusion from the ad~

L]
vancing ferrite plates to the advancing cementite plateas.

B, Bainite Formgtion.

As previously ﬁentloned, the only condition that must
be satisfied for the growth of a new phase 1s that such
growth be attended by & decrease in the total free energy
of the system. It is not at all necessary that the old or
new phascs be in cquilibrium with one another, or that
the cnd product be in a condition of stable cquilibrium,
Aﬂy type of phasee change whetsoever may occur provided such
o change be accompanicd by & decrease of free energy. In

other wordc, that phase change which does occur is not

¥Buch a computatlon has been carried out by We. H. Brandt,
and is to be published in the Journal of Applied Phyeics,
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necessarily that phase chénge which decreases the free
energy the most, but rather that which proceeds at the
greatest rate. &8s one example of the above statement the
formation of pearlite may be cited. Here tne end product
has a much higher free energy in the form of interface
energy th? it need have. However, the end product which
forms is that product which forms the most rapidly. Another
axample occurs when a solid solution suffers a change in
phase wlthout a change in composition. The transformation
of austenlte without a change in composition is discussed
in detail below,

Ag mentloned above, the only condition necessary that
a transformation proceed is that the free energy be decreased
thereby. If one mole of 1ron,'in which is dissociated C
moles of carbon, transform from austenite to ferrite of

the same composition, the change in free energy of the

gystem is

06 = 0887 wcsef % -cras?t, (a)

In this equation AGp% ™Y is the excess of free energy of
one molé of pure 1ron in the austenlte phase over that in
the ferrite phase, and 18 given in table A~1 of reference
1; Ach‘* G 1s the exccss of atomlc free encrgy of one
mole of carbon when dissolved in alpha iron over that when
dissolved in gemme iron, and is approximately 9,600 cal./

molc; and ASC"’ % 1s tho cxoess of entropy of one mole of




carbon when dissolved in austenite, whioch, from considera-
tione given in Reference 1, may be seen to be R 1n 3. Upon
setting AG = o, one obtains an equation for the oritical
temperature below which the austenite may transform into
ferrite of the same carbon conceniration. This equation
may be most convenlently solved for the atomic carbon con-
centration C in terms of the oritical temperaturc. This

equation is
O a
C = “Fe g (22)

g% %
4G, -Tas,

A plot of Equation (22) is given in Figure 11 as the
upper boundary of the shaded band. The lower boundary of
the shaded reglon represents the same equation in which
ascﬁ"a has been sct eqgual to zero. The shaded region it-
self represents the uncertalnty which exists as to whether
the change in entro»y of the carban atoms shauld or should
not be consildered. There can be no doubt but that this
entropy change should be considered if the transformation
procceds sufficiently slowly, as 18 certainly the case when
the new phase arises through grain growth, When, however,
comparatively largec rcgions trahsform, by some sort of
lattice distortion, in a time short compared to the time
required for the carbon atoms to jump from ong interstitial
position to anothor, then the entropy term should not be

considered.
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The ferrite which forms from austenite without a change
in carbon concentration 1s to be identified as bainite, or
perhaps more properly as balnite before any caroon diffusion
has occurred. The diffusion of carbon within bainite
during its formation leads to a diversity of structuress
These ore described below,

At the highest temperature at which the bainite reaction
can procced, the diffusion rate of carbon is still fairly
high in the austenite. It is expected to be much higher in
the ferrite because in the body-centered lattice the inter-
stitial positions are fairly close to one another, and
therefore the potential cnergy hill separating adjacent
positions should be comparatively low. This diffusibility of
the carbon will result in the carbon diffusing out of a
growing ferrite grain into the surrounding austenite matrix
where the free cnergy for corbon is lower. Thls increase of
carbon concentreotion in the surrounding austenite will how-
ever result in a lowering of the critical temperature for
the formation of bainitec. As éhis critical temperature 1is
lowered to the temperature &t which the steel is being held,
the transformation stops, as 1s indeed the case under isotherme
conditions at the highest tempcratures of beinite formation.19
Further transformation may then be obtained only by & lower-
ing of the temperature. 8Such increase in amount of trans-

formation with a lowering of the temperature has been frequent-

ly reported in the literzn:ure.‘?o Suehrprecipitationot—e
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The enhancement of carbon concentration in the austen-
ite immediately surrounding the bainite grain may likewlse
lead to the precipitation of a cementite film surrounding
the bainlte, thereby preventing further growth even at lower

temperatures? An example of a bainite grain whose growth

was so impeded 18 shown in illustration a of Figure 1k.

A

Suppose, on the other hand, that the bainite is formed
at such a low temperature that the carbon cannot diffuse out

of a growing bainite grain. If the steel is then maintained

Y T T

at the transformation temperature for a sufficiently long
time, or if it is clcvated for a shorter timc, the carbon
will precipitate as cecmentite. The initial distribution of

the oementite will, as discussed in the scction on Growth,

KPS cTrTUTE SoDNL RS AV NJFPIR N, S o VIR0

be in the form of platos. An example of such a platelike
distribution is shown in illustration b of Figure 14. If the
steel 18 held at thc transformation or at a higher tempcra-
turc for a sufficicently long time, the individual plates will
spheroidize, as cexplaincd in the section on spheroidization.
These spherolds will be grouped on planes corrcsponding to the

s R i b e iy ol i

original plates. Such a grouping of cementite spheroids may f
be seen in the lllustrations of Davenport.22 f
In the previous secction upon rate of pearlite formation,

the difficulties inherent to the computation of nucleation 3

rates werec circumvented by the assumption of infinite nu~-

cleatlion rate at the boundaries. In the case of balnite,
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where to a large extent the nucleation takes place in the
interior of the grains, no such simplifying assumption

can be made. In order to obtaln even a rough estimate of
the rate of bainite formation, some estimate would have

to be made of the rate of nucleation. The theory has not
yet been developed from which such an estimate could be
made. The extensive experimental work of Wever and hie
school (Kaiser-Wilhelm-Institut fur Eisenforschung) upon the
rate of formation of bainite cannot therefore at present

be compered with theory.

C. Formation of Martensite.

It is well recognized that martensite forms from austen-
1te by some sort of shear mechanism. Whatever the mechanlsm,
the free energy of thc end product must certainly be smg}ler
than the free energy of the initial austenite. In comput-
ing this changec in free energy, the slight distortion of the
martensite from the cublc lattice will be neglected, aside
from possible elastic strains. 8ince the individual marten-
site needles form so very rapidly, the carbon atoms cannot
be considered as undergoing a change in entropy durlng the
transformation. The last term in Equation (21) must there-
fore be omitteds However, by the very mechanism by which
the martensite forms, the lattice must be left in a stressed
condition. An additional term must therefore be added to
Equation (21) to teke account of this strain energy. If

LU denotes this strain energy per mole of transformed iron,
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Equation (21) becomes

a4 ¥a
06 = -AGp, + C ag, + AU . (23)

As for bainite, the oritical temperature for the formation
of martensite is obtained by equating &G to zero. The
resulting equation may be most readily solved for the

atomic carbon concentration C. This equation is

C = (AGps "¢ - aU)jaafC (24)

Complete agrecment with experiment is obtainedl fer
the critical temperaturc for martensite formation, the Ar'!
temperature, by taking the strain energy as a constant in-
dependent of carbon concentration. The energy is found

to be
AU = 357 Gal,/mole . (25)

If the strain energy were to be concentrated in the marten-
site itself, and if no plastic deformation relieved the
stress, the stress corresponding to this value of AU would
be 1,500,000 psi. The assumption of constant strain energy
may seem contradictory to experience, since it is known
that the higher the carbon content the higher are the re-
sidual stresses. This observation 1s not, however, contra-
dictory to the assumption of constant strain energy, for
the martensite of low carbon concentrations forme at a com~
paratlively high temperature where high stresses are quilckly

relieved through plastic deformation.

_35..
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The continual loworing of thc martensitc transforma-
tion temperaturc by the transformation 1tsclf finds a rcady

interprectation in the hypothcsis that the interference of

LR B
3

martcnsite needles already formed with the needles being

formed raises the stroin energy AU needed for further transe

1
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D. Transition of Tetragonal to Cubic Martensite.

In the previous section martensite wos considered simply
as supersaturated ferrite, As was first recognized by Fink
and Campbell,23 the lattice of freshly formed martensite
differs from the body centered cubic structure of ferrite
in that one principul axis is elongated slightly with
respect to the other two principal axcs. Fink and Campbell
likewise found thot the slight tetr ~7onality is removed
by tempering at temperatures as low a8 100° ¢, Bainau has
pointed out that the tctragonality of freshly formed marten~
site is due to the rcstraints imposed by thc carbon atoms
upon the transformation of a face centered to a body centered
cubic lattice. Hondco and Niehiyama25 keve shown how the
loss of tetragonality of freshly formed mertensite results
from the transition of the carbon atoms from thelr origine.
positions to neighboring equilibrium positions, One of the
forenost authorit1e326 upon tempering ir this country does not
accept the conclusions of Honda and Nishiyama, no doubt be-

cause of their rather unconvincing erguments, Even the ex-

istance of the change of tetragonal into cubic martensite has
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been thrown into disrepute. It is therefore bellieved

profitable to re-examine the phenomenon of loss of tetra~
gonality from a fresh viewpoint.
In order to prepare & background for the study of the
. ~mechanism of los8s of tetragonality, it 1s necessary first
to discuss in detall the reasons why freshly formed martens

site 1s tetragonal, It is generally recognized that

B
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martensite forms from austenite by some sort of lattice

she. ..rain whlich 1s homogeneoue over macroscopic regions

of the lattice, The precise nature of the shear strains,

e B oa

whicn has hzen a matter of dispute,27 is 1mmaterial to the
present discussion, since any homogeneous shear strain may
be represented as the supcerposition of three tensile strains
along three orthogonal axes, and of a rotation of a:n:eta.e8
k Thereforc, irrcspcctive as to the precise naturc of the
9 shearing strains, the distortion of the lattice, as distinct
7 from its rcoricntation, may be represented by simple tensilec
} stralns along the principal axes. As Balnau has pointed out,
this distortion 1s a contraction along one principal axis
’ and extensions along the other two.
:}. In the face centered austenite lattice cach interstitial
A posi.ion has six iron atoms as closest neighbors. These six
iron atoms arc situated at squal distances along the three

princlpal axes passing through the interstitial positions,

As the latticec is now distorted from the face centered cubic

1 to the body centered cubic type, the iron atoms surrounding




each interstitial position no longer remdin at equal
distances. The two neighboring iron atome on the axis of
compression, the tetragonal axis, come closer to the inter-
stitial position than the other four neighboring iron
atoms. A carbon atom in an interstitial position will
therefore exert a greater pressure along the tetragonal
axis than along the transverse axes. The cubic structure
is therefore destroyed by distortions caused by the dis-
solved carbon atoms,

Bome uncertainty exists as to whether the interstitial
positions of the face centered lattice transform into stable
or into unstable interstitial positions of the body centered
lattice. This uncertainty is & reflection of the uncertainty
as to which are the stable interstitiel positions of the
body centered lattice. In the present discussion they will
be assumed to be at the center of the faces and edges of
the unit cube. Aecording to this viewpoint, when a face
centered cubic lattice is transformed into a body centered |
cubic lattice, the lnterstitial positions remain as inter-
stitial positions, but lose their cubjc eymmetry, having a
smaller dimension along the tetragonal transformation axies
than along the transverse directlons:. The interstitial
lattice as a whole must however have cubic symmetry. This
comes. about from the opening up of new interstitial positions
during the transformation from the face centered to the body

centered ocubic lattice, Analysis shows that for every initial

H




interstitial position two new interstitial positions appear,
one with its tetragonal axis along a principal axis of the
body centered lattice which is normal to the tetragonal
transformation axis, the other interstitial position with
its tetragonal axis along the other axis normal to the
tetragonal transformation axis., However randomly distri-
buted the carbon atome may have been in the original austen-
ite matrix, in the freshly formgd martensite they are no
longer randomly distributed in the interstitial positions.
They enly occupy, those positions whose tetragonal axes are
parallel to the tetragonal transformation axis.

The interstitial positions of a body centered cubic
lattice are here considered to be at the centers of the faces
and of the edges of the uwnit cells. Each interstitial
position therefore has four nearest interstitial positions
as neighbors. Inspection shows that the tetiragonal axes of
their nearest neighbors are aormal to that of the interstitial
position under consideration. Therefore as soon as two thirds
of the carbon atoms migrate to the neighboring interstitial
positions, the carbon atoms will acquire complete randomness
in their distribution, and the lattice will then have lost
all traces of tetragonality, Since the first stage of temper-
ing must consist of the migration of carbon atoms to the
neighboring 1nterst1f1al positions, the conclusion is un-
avoidable that tetragonal martensite must change to a body
centered ferrite with 2all the originally dissolved carbon still
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in solution, before any precipitation or intermediate
phase can form.

The above interpretation of the mechanism of loss of
tetragonality differs slightly from that given by Honda
and Nishiyamé‘in that they assumed the interstitial positions
of the face centered lattice tranesform to positions of un-
stable equilibrium, The transition from such unstable to
stable equilibrium positions would, they show, be accompa-
nied by a lose of tetragonality. A decision as to which
viewpoint 1s correct can be made experimentally. If the
viewpoint adopted in this paper is correct, then the time-
temperature relation for the disappearance of tetragonality
will be given by a heat of activation identical to the heat
of activation for thzs diffusion of carbon in ferrite, If
the viewpoint of Honda and Nishiyama is corrcct, the tetra-
gonality will disappear much faster than would be expected
from the rate of diffusion of ocarbon,

As was pointed out by Bain, the tetragonal lattice may
be regarded as an intermediate stage in the transition from
the austenite to the ferrite lattice. It is therefcre also
to be expeoted that the residual shear strains in freshly
formed tetragonal martensitg are less than those in the
cubic martensite which results from low temperature temper-

ing. The consequent increase in residual shear strains

which accompanies tempering at low temperature explain several

apparently unrelated phenomena. These phenomena are dis-~
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cussed below.

i. Freshly formed martensite 1s madc more re-
active to etoching regente by tempering at 100° C, Thie
change in etching character is what would be expected by
an increase 1n the rosidual shear stresses.

11, Moreo austcnite remains untransformed when the
steel is quenched slowly than when quench:d rapidly. Un-
less the steel 1s qucnched extremely rapidly, much of the
martensite which 1s initially formed transforms into the
cubic s3tructure, The rosulting increase in residual shear
stresses willl tend to hinder the formation of further marten—
site just as the formation of tetragonal martensite tends
to hinder the formation of further martecnsite,

1i1i. Holding martensite at room temperature for a
long time renders it more difficult to transform the re-
maining austenite by sub-atmospheric treatment. Here as in
the previous case, the explanation is to be found in the
increase in residual shear stresses accompanying the transli-
tion from tetragonal to cubic martensite.

If martensitec 1s given too high a temper, all residual
stresses will be relicved. Thie relief of stresses may be
the explanation as to why some of the austenite retained on
the original quench will transform if heated to moderate

tomperatures and is then requenched.

II1I, EFFECT OF ALLOYS UPON DECOMPOSITION OF AUSTENITE

According to the way in which alloying elements affect
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austenite decomposition, they may be divided into two
classes. The elements of one class have qualitatively the
same effect upon the B curve as has carbon itself. These
elements retard the formation of both pearlite and bainite

by about the same amount, and also lower the temperature

for the initiation of martensite, Mn and N1 are the most
common elements of this oclass, The elements of a second
class retard the formation of pearlite much more than the
formation of bainite. Molybdehum is the most outstanding
example of this class, It thus appears that each alloying
element has two characteristic properties, one of which has a
moderate offect upon retarding all types of austenite de~-
composition, the other of which has a specific influence upon

pearlite formation,

A, Pearlite.
The specific effect of alloying elcments of the second

class in retarding pearlite formation appears to be associatod

with their carbide forming tendency.29 The greater this
tendency, the more potent is the element in retarding pear-
lite. As an example of the magnitude of this retardation,
the effect of molybdenum will be cited: 1% of this element
retards by more than a factor of 1,000 the time required for
a perceptible amount of pearlite to be formed.18
A ocurrent explanation of thies retarding effect to be
found in the literature rune as rollowa.3° The concentration

of the alloying element is observed to be greater in the
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carbide phase than in the ferrite phase, The formation of
pearlite 18 theroforc assoclated with a segregation of the
alloying elemcent. ©Since the diffusion coefficicent of all
alloying elements 1s consliderably less than that of car-
bon, such segregation must necessarily retard the rate

at which the pcarlitc nodule grows.

As previously stated, all the elemcnts which are very
effective in retarding the formation of pearlite, molybdenum,
titanium, ctc., havc a considerably stronger affinity for
cementite than for austenite, and also havc at most only a
slight prefcrconce for austcnite over ferrite. Therefore the
free energy liberated by the propagation of a pcarlite nodulc
would be incrcased by the presence of thcse alloying elements
even 1f they remained uniformly distributed. The circum-
stance that thc frec cnergy would be 8till further lowered
if the alloylng elcments became segregeted in no way necessi=
tates that the propagation of pcarlitc be attended by such
segregation. As discussed in the section onlbainite, the
reaction which takes place 18 not necessarily associated with
the greutest liberation of free energy, but proceeds at the
fastest rate. The above explanation of the retarding effect
of certain alloying elements leaves unanswered the fundament~
al question as to why the propagation of pearlite should
have to walt for the segregation of the alloying elements,

It is in fact doubtful if any segregation of alloying
elements takcs place in the immedlate vicinity of the ex-

pandlng surface of a ferrite-cementite nodule., Buch segrega~-
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tion as ie observed could well take place within the nodule
during the oompletion of the pearlite formation.

Under certain conditions the pearlite conselsts of
alternate lamellae of ferrite and of a speclal alloy cAr-
bide which has a different structure from cementite,’0,l
The growth of such a pearlite nodule must necessarily be
accompanied by a segregation of the alloying element, and
80 proceeds very slowly. The question still remains un-
answered, however, as to why in such cases ferrite-cementite
nodules do not grow at thelr customary rate.

Any phase transformation involves both nucleation and
growth. From the above discussion the fruitlessness is
apparent of attempting to seek in growth an interpretation
of the retarding effect of strong carbide forming elements
upon pearlite formation. One is therefore led to seek for
this interpretation in the phenomenon of nucleation.

Nucleation of pearlite al;aye takes place at the graln
boundaries unless the parent austenitec has been imperfectly
homogenized. This preference of nuclel for surfaces finds
a rcady interpretation in tho fact that, as already ex-
plained in the scotion on nucleation, the formation of a
nucleus entalls the formation of an interface, and as a
consequence the free encrgy of the nucleus must exceed a
certaln critical value before 1t becomes stable and is able
to grow. As has been pointed out, this critical ffeé energy

ls less when the nucleus forms at a boundary than when 1t
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forms in the interior of a grain.

The same argument which has been used to show why
nucleation 18 more prevalent at the boundary between two
grains than in the interior of a grain, may be extended to
demonstrate that nucleation is still more frequent along
an edge common to threo grains. A further extonsion may
be used to demonstrate that nuclecation is most frequent at
corners common to four grains, and that the more acute
the corner of any onc grain the quicker will a nucleus be
generated thercine.

In any solid solution when the binding between a solute
and a solvent atom is le¢es than between two solvent atoms,

the solutc atoms will tend to congregatc wherever the

lattice is most disorganized. Thec situation is analogous to

that of liquid solutions, in which thc cnncentration of certain
solute atoms 18 greater near the surfaces than in the 1ntcrior,
One there¢fore anticipatcs that the conccentration of alloy= ;
ing elemcnts in austenite will be greatest at those places :
which are potcntial nucleation sites, and the more effeotive

are the sltes for nucleation, the grcater will be the cone . 3
centration of alloying elements. If now the concentration H
of a strong carbide forming element is sufficlently large,

the carbide nucleus which forms will not be cementite but a

special carbide with a lattice structurc different from that

of cementite, The growth of the carbide grain resulting

from such & nuclcus will be slow, since it will be depcndent

upon diffusion of the alloying element. The growth will be




sufficient, however, completely to eliminate the original
site as a potential nucleation site for cementite. The
first additions of strong carbide forming elements there-
fore eliminate the sites which are most effective in
nucleating cementite, and therefore retard slightly the
initiation of pearlite growth. Further additions will
lead to the climination of the next most effective nuclea-
tion sites, retarding still more the initiation of pearlite

growth.

B. Bainite and HMartensite.

All alloying elcments, save for the single exception of
cobalt, both hindcr the formation of bainite and lower the
initial temperature, Ar'!, for the formation of martensite,
and also have at lcast o normal influence in retarding
pearlite formation. The obaervation that the order of
alloying elements arranged aocordiﬁg"to cffectiveness in
retarding the bainite reaction is thc same order with
respect to the lowering of the martensite transformation
temperature“, indicates that these two effects are closely
related. In thc martensite reaction nucleation is& apparently
nearly 1netantaneoue,32 the initial transformation temper-
ature not changing, within experimental error, in the range

of cooling rates from 100 to 4000° C/sec. It therefore

¥Private communication, J. H. Hollomon.
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l appears that the influence of alloying elements upon both
| the bainite and martensite reaction is not connected in

E | any way with nucleation, as in the case of pearlite, but
i rather with a change in the equilibrium temperature of

& the two reactions,

As previously pointed out, the transformation Irom
austenite to bainite and to martensite in pure iron-carbon
steel 1s accompanied by no change in carbon distribution.
Bince the diffusion of ulloying elements 18 even slower
than that of carbon, it may safely be assumed that they
also suffer no diffusion during the above two transforma-
tions. This assumption allows a ready calculation of the
change in transformation temperature induced by these ele-
ments,

Let CJ be the ratio of the number of lattice atoms of
type J to the total number of lattioce atoms, AGJF %% the
change in atomic frce encrgy when one nole of atoms of type
J are transferred from thc gamma to the alpha phase. The
ratio of carbon to total number of lattice atome will be
denoted by C,. Then the change in frec energy associated with
& transformation of one mole of lattice atoms and C moles of
carbon from the austenite to the ferrite phase 1s given by

the following equation

- o 1 ¥ya_ ¥oa ¥
4G = AGp 3% + Tt (o8, AGp, ) Cy + 40, G
+ © . (26)

where the primed summation refers to all lattice type atoms
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ocher than iron. In the case of the bainite reaction &
has & value 1lying between zero and -(RT 1ln3) C,, in the
martensite reaction it has the value of 357 cal/mole.

The influence of the alloying elements may most con-
veniently bc oxpressed in terms of a horizontal shift of
the transformation temperature vs. carbon content curve.
From Equation (26) 1t may be seen that this shift is a linear
function of the concentrations of the alloying elements,
and therefore that the shifts are additive. This additive
effoct of different alloying clcments has roocently been
suggested by Payson and Sava5033 from their ;n§§¥¥5a1 data.
The eoffect of a porticular alloying element of type J with
the atomic concentrations CJ is to shift to the left the
transformation temperature vs. carbon concentration curve by

the amount

a0, = (/(AGJ”‘%-AGFg%)/AGOV %} Cy (27)

In the derivation of this equation, the last term in Equation
(26) has been assumed to be a constant, This assumption ine
troduces a sligi.i approximation in the oase of bainite,

It may be seen from Equation (27) that the larger the
quantity AGf"’a, the greater the influence of the alloying
element upon the bainlte and the martensite transformation,
At present the only method of evaluating the AGJ'B is through
their influencel upon the iron-alloy equilibrium diagram.

In such diagrams the equilibrium relations arc usually
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between austenite and nonmagnetic ferrite. It is to be
expected that the atomic free energy change AG?“”“’will

be greater below the Curie temperature than above, with

the possible exception of cobalt which increases the Curle
temperature at small concentrations. It is to be expected
neveortheless that the order of the alloying elements should
be the samc when arranged according to the magnitudo of
thelr influence unon the bainite and the martensite transe
formation as when arranged according to their AGJ 2 CGtg ag
measured at higher temperatures. The following table shows

that this is in fact t.ic casc,.

TABLE I

Corrclation of Effectiveness of Elements in Suppressing
Bainite Reaction witn Thormodynamical Quantities.

Order of effectiveness¥
in suppressing bainite C N Mn Ni Cu

od % (cal/mole) 9,600 3,000 2400 1600 1280

As previously mentioned, cobalt behaves in an anomalous
manner. It actually hastens the balnite reaction, and raiscs
the Ar" temperature. An interpretation of this anomaly may.
be found from an inspection of the iron-cobalt eqpillbrium
diagrem. In this the gamma~delta boundarv rises with in-
creasing carbon content, while the gamma~alpha boundary 1is
nearly horizontal. Such behuvior is cvidence that from
1400° to 900° C, AGZ ™ % chonges from a positive quantity

to zero, 3y extrapolation one surmises that at the

¥Private communication, J. H. Hollomon.
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lower temperatures at which bainite and martensite form,

0Ge? "% 18 a negative quantity.

IV. TIME-TEMPERATURE TRANSFORMATION CURVES

In this country the standard method of studying the
decomposition of austenite 18 to quench the specimens
from the austenitizing temperature to a lower temperature
T, to hold at that temperature for a time t, and to then
quench to room tempcrature. From an examination of the
final spccimens certain information may be gained as to tho
nature of the transformation which took placc at the temper-
ature T during the time t. The date so obtalned 1se usually
utilized to construct a diagram of the typc represented in
Figure 12, called the timc-temperature~transformation (T=T-T)
diagram. This diagram will be dis;ussed in the light of
the preceeding portions of this report. The present dls-
cusesion serves in part as a revicw of the salient features
of thie report.

The T-T-T dilagram of Figure 12 conslsts of three sets
of curves, each set corresponding to a distinct trans-
formation product. Two scte consist of "C" curves, the
other set of horizontal lines. This figﬁré 1s idealized in
that each set of curves is completoly separatcd from the
other two scts. Thc uppermost two sets are completely sepa~
rated only in high alloy steecl, such aégzgit;g;Jeteels. In

plain carbon stcels thcy are interpenetrating, the noses of

the two sets nearly coinciding. 1In most steels the lower
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two sets of curves are separated to some extent, but never
completely so. Wherever two sets of curves interpenetrate,

it is not possible to simply superimpose the two sets. 1In
such cases not only does one reaction affect, either re-
tarding or accelerating, the growth of the second reaction
product, but the two reaction products may become indistinguisl
able.

None of the reaction products represent complete equi-
librium at the temperature of formation. In the first reaction
product, pearlite, complete equilibrium is attained only with
respect to carbon., Here the carbide phase and ferrite occur
as alternate lamellac, the lamellae growlng edgewlse into the
parent austenites The second reaction product, bainite, forms
by grain growth from nuclel of ferrite of the same composi-
tion as the parent austenite. During the graln growth some
carbon diffuses out of the ferrite grains into the surrounding
austenite matrix. The higher the temperature of formation,
the freer the ferrite is of supersaturated carbon. The third
reaction product, martensite, forms by some sort of lattice
shear which is homogeneous over macroscopic regions of the
parent grains, This shear occurs so rapidly that there is
no time for a change in composition. The only segregation
of constituents that can occur in the martensite is that
which may occur during self tempering after it has been formed.

In pearlite, and only in pearlite, may successive "C"
curves be obtained essentially by a horizontal shift to tﬁe
right of prior "C" curves. This essential parallelism of
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the pearlite curves means that the ratio of the times
required to come to two different completione is independent
of temperature, Thus ten times as long may be required to
come to 90% completion as to come to 10% completion. Only
slightly below the eutectold temperature are the curves no
longer essentially parallel. 8uch non~parallelism occurs
because in this temperature range the timc rcquired for
growth is limited not only by the rate of growth of the
pearlite nodulos, but also by their nuclcation rate,

The velocity with which a pearlite nodulc advances is
proportional to the diffusion coefficlent of thec carbon atoms,
to the diffcrence in the carbon concentration in the auston-
1te just ahcad of thec advancing pcarlite and cementite
nodules, and 18 invcrsely proportional to the interlamellar
spacing. This differcnce in carbon concentration is direct~
ly proportional, thc intcrlamellarspacing is inversely
proportional, to thc amount of undercooling. When these
various factors are properly considcred, theorcticel ourves
are obtained for the pearlite transformcation which are nearly
identical with the observed, cxcept for a slight horizontal
shift.

Cnly in tho cose of a eutectold stecl 1s pearlite the
initial deccomposition product of austenite. If the carbon
concentration 18 greater than the eutectoid, a carbide first
preciplitates, If the carbon concentration is less than the
eutectold, frec ferrite first forms, The critical tempera

turee which limits the range in which these products form
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are interpreted by Figure 13.

In contrast to pearlite formation, bainite formation
requires no diffusion of carbon, While the rate of growth
of a pearlite nodule is proportional to the square of the
amount of undercooling for temperatures just under the
critical, the rate of growth of a bainite grain is inde~
pendent of amount of undercooling for temperatures close
to the critical tcemperaturc for bailnite formation. The
upper portion of the initial "C" curve for bainite is there-
fore essentially horizontal, While thc growth of a bainite
grain does not rcecquire carbon diffusion, nevertheless at
the higher temperaturces of formation carbon diffusion does
occur, diffusion out of the growing bainlte grain into the

surrounding austenitc motrix. Such diffusion finally stops

the growth of a bainitc grain by elther onec of two methods.,
The enrichment of thc austenite in carbon tends to lower %
the transformation tcmperature of austenite to bainite, 1
which tcndency would cventually stop the growth of all grains. é
On the other hand, the enrichment of the austenite in car-

bon immediately surrounding the bainite grain may give rise ]

to a cementite film, which film would prcvent further growth.
However the cessation of growth of bainite grains occur, it
results in all the upper halves of the balnite isotrans-
formation curves being horizontal. While, as previously
mentioned, bainitc grain growth is not dependent upon capr-
bon diffusion, it does require the transfer of iron atoms

from equilibrium positions on the austenite slde of an inter—-
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face to new equilibrium position on the bainite side of

the interface, The rate of such transfer will decrease
with decreasing temperatures 1in the same manner, exoept

less slowly, than does the rate of carbon diffusion. This
decrease of rate of transfer of iron atoms with decreas-

ing temperature results in the lower portions of the bainite
lsotransformation curvee being of thc samc shapc as for
pearlite.

Freshly formed untempered martensitec and bainite have
essentially the same structure, namcly ferrite super-
saturated with carbon. The tctragonallity of thc martensite,
in contrast to thc cubic structure of bainite and of ferrite,
is due to the circumstance that in the formation of marten-
slte from austenlte the carbon atoms are left in certaln
preferrcd interstiticl positions. Theso preferred positions
produce a strain with tetragonal symmetry,‘all the axcs of
the preferred vnositions being perallel, The essential
difference, from thc thermodynamical standpoint, of freshly
formed martensite and freshly formed balnite lies in the
elastlic strains introduced during the formation of the former
phase, These elastic strains require additional frec energy
for thelr formation, which additional free energy can be ob-
tained only by a lowering of the transformation temperaturc
for the austcenite - martensite rcaction below that for the
austenite - bainite reaction. The residual strains intro-

duced by the first martensite which forms renders 1t still
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more difficult, i,e., requires more free energy and there-
fore a lower temperature for the formation of further marten-
site., The martensite rcaction does not therefore proceed
isothcrmally, a contirusl lowering of the temperatures

being required for a coniv'nuance of the transformation.

This circumstance lcads to the isotransformation curves for
martcnslte being horizontal lincs., The vertical posltions

of the threce sets of curves are determined primarily by

the equilibrium relations, These rclations arc given in
Figure 11 for plain carbon stcels. Thus thc upper boundary
of thc pcarlite "C" curves ie the cutectoid tvemperature.

This tempcraturc is raiscd by strong carbide forming elements
such as molybdenum, tungsten, chromium, and 1s lowered

most strongly by manganese and nickel. According to the theory
developcd 1n thls paper, the uppcr temperaturc of the bainite
"C" curves should be within the shaded region of Figure 11
fof plain carbon steels, while the temperature for the
initiation of martecnsitc is glven by the lowermost of the
curves in this figurc., T.cory and experiment are in complete
agreement for the casc of martensite, while in the case of
bainite the experimental data is inconclusive.

The horizontal positions of the two sets of "C" curves
are sensitlve to slight additionse of alloying elements. The
pearlite "C" curves are especially sensitive to strong car-
blde forming elements, These elements retard the formation

of pearlite by covering up, with their own carbides, the
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gites which are effective in the nucleation of cementite.
Other elements, such as manganese and nickel, move all

the "C" curves to the right through their effect in lower-
ing the critical temperature for the formation of pear-
1i1te and of MHalnite. A lowerinz of the upper halvos of

the "C" curvee must nccessarlly result in a shift of thelr

noses to thc right.
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APPENDIX A
In this appendix that free energy is computed which
is liberated within tne interface itself as it advances.
For the purposes of this computation we shall assume the

solute concentration to be constant on both sidee of the

boundary.

As a unit area of the boundary advances a distance 6X,

the change in free energy 5G may be written as
6G = 8Gg - T 6Sp , (a=1)

when 86G, 18 the change in atomic free cnergy, GSp the change

in positional entropy. Upon using the notation of segction

IC, we obtain

8G, = | =48 + (Cp=Cy) (Gl-GE)} 8X (a~2)

Further, upon using thc mcthods in reference 1, one obtains

88, = | k(C)=Cy) - x(cg~cl)1n(pgcl/plca)} 5X (a=3)

Upon combining cquations (a~1) - (a~3), and upon using equation

(3)
8G = ~AG = kT(Cy~C0p) . (a=4)

In order for 8G to bec lcss than or equal to zero, it 1s neces-

sary that
(02-01) ¢ OG/kT

a relation which was uscd in the texst,
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APPENDIX B

In this appendix an analysis 1s made of the critical
slze and of the critical free energy of a nucleus.

The free energy liberated by the formation of a unit
volume of the ncw phase will be denoted by Gv, the energy
recquired to form a unit area of interface between the new
and old phase will be denoted by Gg. Thc incrcase in free
energy assocliatced with the formation of a nuclecus of the

new phase 1s therefore

AG = VG, + 5G4 , (b~1)

where V and S represent the volume and surface area of the
nucleus, respectively. When the nuoleus is completely
surrounded by the qld phase, ite surface area, and therefore
its free energy, 1s o minimum for a given volume when it 18
spherical. Such a nuclcus may hence be regarded as sphericals
Ite critical radius is such as will make its free energy &

moximum., From equation (b-1) this critical radius is found

to be

R

o = 20g/Gy . (b-2)

SBubstitution of equation (b-2) into equation (b-1) gives for
the critical free cnorgy
86, = (16n/3) 6g°/a 2 (b-3)
As an example of the above equations, the case of a
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cementite nucleus will be considered. Upon taking the
energy per unit area of interface between.oementite and
austenite to be the same as between cementite and ferrite,
one obtains, from equation (16), that Gg is equal to

6.8 x 1072 cal./cm2 . Further, upon taking the heat of
solution of cementitc in austenite as 5,300 cal/molel, one
obtains that for a eutectoid stecl 100°C below the eutsctoid
tomperature thc free cnergy G, to be 23 cal/cm3 . Bubstitu-
tion of thesc quantitice into cquation (b-3) gives for the
eritical radius and for thec critical frce energy of a cemen~

titc nucleous of a cutcctold stoel at 623° C,

R, = 0.6 x 1072 cm.

and

1.0 x 10-1# ca1, |

(]
1}

respectively.
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FIGURE 1.

]
% Method of determining carbon concentration in austenite
. Just ahead of an advancing ferrite or cementite grain.

J FIGURE 2.

o Variation of carbon concentration on two sides of ad-

vancing phase boundaries. (Examples of hypoeutectoid and

hypereutectoid steels of Figure 1.)
FIGURE 3.

Schematic i1llustration of variation of equilibrium re-

lations with curvature of interface surface.

FIGURE 4.

Illustration of mechanism of sphcroidization of plate

at the initlal temperatures of formation.

FIGURE 5.

Illustration of advancing péarlite nodule.

FIGURE 6.

Variation of interldamellar spacing with temperature,

plotted according to the theoretical equation (13). Btraight

line has a slope of =1. (Data for eutectold steel A of

Reference 11.) |
FIGURE 7. 1

Variation of interlamellar spacing with temperature,

plotted accordinz to mcthod of Mehl., ©Same data as plotted in

Figure 6.
FIGURE 8.

Carbon concentration in austenite aohead of advancing

-63-



pearlite nodule, drawn for 700° C after concept of Hult-
gren, 15
FIGURE 9.
Pearlite "C" curve for infinite rate of boundary nu-
cleation, drawn according to theoretical equation (1&).
FIGURE 10.
Thermal diffusion coefficient of carbon in austenite,
after data of Wells and Mehl,l®
FIGURE 11.
Equilibrium relations in the iron-carbon system. The

equilibrium relations between ferrite, austenite and cemen-

tite are as derived in Reference 1.
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A. BAINITE PLATE PREVENTED FROM
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