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A detailed analysis has been made of the length changes due
to decomposition of iron-carbon austenites into ferrite and
carbon enriched austenite above the A temperature, and
into ferrite and cementite below the A; temperature, using
lattice-parameter data for the phases involved. The calcula-
tions have been performed as a function of carbon content,
temperature and degree of transformation., A general defi-
nition for the total degree of transformation has been pro-
posed for the case that more than one product phase devel-
ops. This definition also holds when the product phases de-
velop consecutively, allowing an analysis of the kinetics of
the austenite decomposition. Above the A; temperature, the
relation between the degree of transformation and the dila-
tation is linear within good approximation. However, below
the A; temperature a strong deviation from such a linear
relationship occurs, as the resuit of subsequent decomposi-
tion of austenite into ferrite and carbon enriched austenite,
and decomposition of the carbon enriched austenite into
ferrite and cementite.

1 Introduction

To control the microstructure of steels much use is made of
Transformation~Time-Temperature (TTT) diagrams and
Continuous Cooling—Transformation (CCT) diagrams,
which describe the phase composition of a specified steel
with a specified grain size as a function of annealing tem-
perature and time, and cooling rate respectively [1, 2]. Tra-
ditionally, dilatometry is used to obtain such diagrams.
Strictly speaking, these diagrams are only valid for one
composition, which implies that for each steel composition
the dilatometric experiments have to be repeated. This time-
consuming process can be avoided if the TTT and CCT dia-
grams could be predicted from knowledge of the kinetics of
the nucleation and growth processes of the phase transfor-
mations involved. However, in spite of the extensive re-
search performed until now, this knowledge is not available
yet.

In order to study the transformation kinetics of the de-
composition of austenite upon phase transformation, by di-
latometry, a method to deduce the atom fraction of the pro-
duct phase as a function of time and/or temperature from the
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measured length changes is indispensable. In the literature,
the relation between the atom fraction of the product phase
at a certain stage of a transformation and the associated
volume change is often taken to be linear, unjustly also
for the case where the final reaction product is formed in
separate, consecutive decompositions (see discussion). In
this paper, a rigorous calculation is performed of the dilata-
tion upon decomposition of Fe~C austenites as a function of
temperature, carbon content and the total degree of trans-
formation, on the basis of the lattice parameters of the con-
stituting phases and their dependence on temperature and
composition, and the phase diagram. The total degree of
transformation is defined as the momentaneous number
of Fe atoms in ferrite relative to the number of Fe atoms
in ferrite after completed transformation(s).

Two types of decomposition have been studied in two
different temperature regimes: the decomposition of austen-
ite () into ferrite (o) and carbon-enriched austenite for fem-
peratures between the A temperature!) [y/(« + y) equilib-
rium temperature] and the A; temperature [1000 K; the
(e +v)/ (o0 + B) equilibrium temperature; 6 denotes cemen-
tite], and the decomposition of y into « and 0 between A
and 920 K. The different contributions of the various pro-
duct phases to the total volume change on transformation,
are analysed (see Section 2), and the use of dilatometry for
kinetic analysis of the austenite decomposition is discussed
(Section 3).

To our knowledge no similar work on pure Fe—C alloys
has been reported earlier. A calculation of the volume frac-
tion of ferrite formed in a bainitic transformation in an Fe~
0.3 wt.% C-4.08 wt.% Cr steel, from measured length
changes, has been reported in [3]. However, the calcula-
tions of the dilatation as presented in [3] are not correct.
The correct formulas, according to the present analysis
(Section 2), are presented in the appendix of this paper.

2 Calculation of the Dilatation on Phase
Transformation

The relative volume change measured during a phase trans-

formation is the consequence of a change in specific vol-
ume, i.e. a changing volume per atom which can be

!)The A, and A3 temperatures will further be denoted as A and As,
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Table Ia. Lattice parameters of ferrite [4], austenite [4] and cementite [7, 8] as functions of the temperature 7 (in K) and the carbon
concentration y (in atom fraction). Data on the lattice parameters of cementite at room temperature {7] were extrapolated to elevated
temperature using a temperature dependent mean thermal expansion coeflicient taken from [8).

Phase Lattice parameter [nm}
a a=0.28863-(1+17.5- 1075 . [T — 800))
Y a = (0.36306 + 0.078 - x) - {1 + (24.9 — 50 - x) - 107%[T — 1000]}

a=045234 {14 (53111076 - 1.942 . 107 . T+ 9.655 - 10~'2. 72) . [T — 293}
b=10.50883 . {1+ (5.311-1075 - 1,942 -107° - 7'+ 9.655 - 10™'2 . 72) . [T — 293]}
¢ =0.67426 - {1 + (5.311-107% — 1.942- 107 . T + 9.655 - 10~'2. 72) . [T ~ 293|}

Table 1b. Phase boundaries (PB’s) in the Fe—C phase diagram [9]; see Fig. 1. Carbon concentration (in at. %) as a function of temperature T
(in K). The carbon saturation concentration of austenite below A; was calculated from the criterion Auc = 0 (see text and [5]).

Phase PB Carbon concentration [at. %]
o GP 724! = 6.5594 - 107! ~5.5361 - 107 . T
Y GS XA = 547472 - 10> — 1.38709 - T + 1.18089 - 107* . 72 — 3.37774 - 1077 . T*
o PQ XZL]Z = 100 - 10(1.05—4(}4()/7‘)
Y Aue =0 M =—7.053-107" —3.450- 107 - T+ 7.609 - 1076 . T?

caused by a) a change in the crystal structure(s) and/or b) an
enrichment/depletion of the solute in solid solutions. The
total relative volume change can be calculated using data
for the lattice parameters of the various phases at the appro-
priate temperature, Thus, transformation strains are ne-
glected.

For pure Fe the relative volume change for the transfor-
mation of austenite y (fcc) to ferrite o (bec), denoted as
reaction 0, as a function of the degree of transformation
reads:

) 4%
S (1)
[ v Reaction ( %

Throughout this work the parameter z; indicates the degree
of transformation for reaction i and is defined as the atom
fraction of ferrite at a certain stage of transformation di-
vided by the final atom fraction of ferrite. i.e. after com-
pleted transformation; 0 < z; < 1. Because for pure Fe
the austenite transforms completely, the equilibrium atom
fraction of ferrite equals 1. The relative volume changes
are given in terms of the specific volume per Fe atom in
each phase, which is defined as the unit-cell volume, v;
of phase i divided by the number of Fe atoms in the unit
cell, N;. The unit-cell volumes are calculated from lat-
tice-parameter data. Recent data for the lattice parameters
for pure Fe ferrite and pure Fe austenite are given in [4]; see
Table la.

For Fe-C alloys one has to take into account that the
transformations lead to the presence of several phases,
with equilibrium amounts and specific volumes per Fe
atom that depend on temperature and composition. When
a hypo-eutectoid Fe~C ailoy is quenched from the austen-
itic state to an isothermal transformation temperature T, be-
low As, different phase transformations can occur depend-
ing on the value of T,. If Ty is between Az and A, ferrite is
formed, with a low solubility for carbon, and thus the un-
transformed austenite becomes enriched in carbon. If T} is
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below Aj, the austenite is eventvally transformed into fer-
rite and cementite. For the present dilatation calculations it
is irrelevant whether a ferrite/cementite microstructure de-
velops with cementite as grain-boundary precipitates or
with ferrite and cementite in a lamellar fashion (pearlite).

2.1 Fe-C; above A,

The decomposition of the initial austenite into ferrite with
enrichment in carbon of the remaining austenite (for
A < T, < Ajz) is considered first:
’YXE," — OCX:qI “I"Yxflkll (ReaCtiOIl 1)
The symbols o and vy refer to the different phases. The sym-
bols y} denote the average carbon atom fractions in phase i
for condition j, where j = in and j = eql indicate the initial
and equilibrium carbon atom fractions for Reaction 1, re-
spectively, All carbon atom fractions denoted y} (except
ot gee Section 2.2) in this work are defined similarly
and thus for j = eq correspond to the carbon atom fractions
as read from the usual Fe—C phase diagram; see lines indi-
cated by y} in Fig. 1. The carbon atom fractions are defined
as the number of C atoms in phase i divided by the total
number of atoms, i.e. Fe and C, in phase i.

The equilibrium atom fraction of ferrite, with respect to
the total number of atoms, 1. e. Fe and C, in the specimen, for
Reaction 1, x589, is obtained by applying the lever rule to the
Fe—C phase diagram at the relevant temperature (B/(A + B)
with A and B as the line segments as indicated in Fig. 1),
using data for the carbon atom fractions in austenite and
ferrite presented in Table 1b. The number of Fe atoms in
phase i, nf®, is related to the relevant z;, x} and x| by an
atom balance for a total of N atoms, Fe and C, in the speci-
men,; expressions for nf® are listed in Table 2a. The specific
volumes per Fe atom are calculated from lattice-parameter
data as a function of temperature and, for austenite, also as a
function of carbon concentration. Such lattice-parameter
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Table 2a. Expressmns for the numbers of Fe and C atoms in the phases as indicated for a total number of N atoms, Fe and C, in the
specimen, nr and n , for decomp051t10n Reaction 1, above A;. The equilibrium atom fraction of ferrite in the specimen is denoted
by ,\eql Atom fractions of carbon in each phase i are denoted by x{ for the condition j, where j =in and j = eql indicate the initial
and equlhbrlum carbon atom fractions, respectively. The atom fraction of carbon in the initial avstenite corresponds to the gross carbon
concentration of the alloy, The degree of transformation, zj, is defined as the momentaneous atom fraction of ferrite relative to the equilib-
rium atom fraction of ferrite.

Reaction 1 ne nf
Ferrite Nz (1 — yeal) Nzjxeal yeal
Enriched austenite N(1 = 2 x88H) — (it — 21501 520") N(yir — zixg? x2)
Initial austenite N(1 = zin) Nyin

Table 2b. Expremon for the numbers of Fe and C atoms in the phases as indicated for a total number of N atoms, Fe and C, in the spemmen,
nf® and n , for decomposition Reaction 2a. The atom fraction of ferrite after completed decomposition 2a (Reaction 2a) is denoted by x22
'“ denotes the initial atom fraction of carbon in austenite, and %% denotes the equilibrium atom fraction of carbon in ferrite according to

Flg 1. The atom fraction of carbon in the initial austenite corresponds to the gross carbon concentration of the alloy. The degree of

transformation, za,, is defined as the momentaneous atom fraction of ferrite divided by the equilibrium atom fraction of ferrite formed

in Reaction 2a.

Reaction 2a nfe nt
Ferrite Nzaax22(1 — xy%9%) Nigax2yea?
Enriched austenite N{(1 — 20x2) — (4" — z20x2259%)} N(in — 22022 75)
Initial austenite N(1 ~ X;,“) NX;I‘

Table 2c Expressions for the numbers of Fe and C atoms in the phases as indicated for a total number of N(1 — x2*) atoms, Fe and C, n
and n , for decomposition Reaction 2b, below A;. The initial austenite for Reaction 2b is the carbon enriched 'mstemte resulting from
Reactlon 2a. The atom fraction of ferrite, with respect to all atoms, i. e. Fe and C, in the austenite remaining from Reaction 2a, for Reaction
2b is denoted as x*b The fractlon of ferrite, with respect to all atoms, i. e. Fe and C, in the specimen, that occurs for completed Reaction 2b
equals (1 — x2*) . xzb " denotes the initial atom fraction of carbon in austenite, x°% denotes the equilibrium atom fraction of carbon in
ferrite ac,cordmg to Fi g I The carbon concentration of the austenite remaining from Reaction 2a is indicated by ¥, If Reaction 2a does not
occur, substitute x"‘ for x“‘- in the expressions given in the table. The degree of transformation, z, is defined as the momentaneous atom
fraction of ferrite formecY in reaction 2b divided by the equilibrium atom fraction of ferrite formed in reaction 2b.

Reaction 2b nfe ”ic
Ferrite N(1 — x2)zppx(1 — x22) N(1 — x23)zpx205292
Cemenite IN(1 = )] = 2)/4 N1~ )2 (1~ 2)/4
Untransformed austenite N(l— xga) (- x;m) — N(L = x2%) {Xsm - (xibxng)'f‘
(2 (1 = 257) +3(1 = x*) /4)} (1-x2)/4)}
Initial Austenite N(1 =221 - por) N(1 - x2a) sat

data for a-Fe and y-Fe-C were recently determined using
neutron diffraction [4]; see Table 1a. Thus the relative vol-

—

2] ume change for Reaction 1, as a function of the degree of
o 3
5 . the transformation (z;; see Table2a), can be calculated
5] xS
| | y from:
a_, 1000+ LC T > y; —-E _____ Al
& x',q; ‘;A: K * [AV] . Viinal — Vinitial _
& o = 0 W
/ : X”’ |4 Reaction 1 Vinitial
Vo, 1 V. T,
Fo S FeC nPe & g pFe My pFe A
e eql 2 Yay 4 Yzl{" 4
—— o
— = - (2)
atom fraction C I

Fig. 1. Schematic drawing of the relevant part of the usual, metastable
Fe—C phase diagram, indicating the notation for the carbon atom frac- where the ferrite is considered to have the equilibrium com-

tions used in Tables 1, 2, 7 and throughout the text. The line segments fer .
used to calculate the equ1hbr1um atom fractions of ferrite for Reactions position. 'Ijhe symbol ZY. denotes tl}e average atom fraction
1, 2a and 2b are denoted by “A” to “E”. of carbon in the remaining austenite for a degree of trans-
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formation z; (see below). The enrichment of the remaining
austenite with carbon during the transformation starts at the
transformation interface, while in the centre of the grain a
delayed enrichment with carbon takes place, leading to a
carbon concentration profile across the austenite grain.
The relation between the lattice parameter of austenite
and the carbon concentration is linear [4], so instead of cal-
culating the expansion of an austenite grain containing a
carbon-concentration profile across the grain, the overall
expansion of the austenite grain can be calculated accu-
rately for an austenite with the momentaneous average car-
bon concentration. The average atom fraction of carbon in
the enriched austenitic phase during transformation, yy, can
be calculated according to:

in __ 2 .xeql s ;ql

X ‘
Xy(zl> =t 2 eql (3)
=z xg

For z; = 0, the atom fraction of carbon in austenite corre-
sponds to the initial atom fraction of carbon in austenite, xiy".
For z; =1 the atom fraction of carbon on austenite corre-
sponds to the equilibrium atom fraction of carbon in austen-
ite, ¥t

Both the ferrite that forms and the remaining austenite
that enriches in carbon contribute to the total relative
change of the specimen, Their separate contributions to
the total relative volume change are (following Eq. (2),
with

Fe __  Fe Fe .
”"Yxin - n’YXA, % eql )
Y Ay
Vg Vy
TAY] %t ”}:e- f «———-—a)‘;q' _Lx;,“
AV e T (4a)
v nfe - pFe Yy in
L 4 Reaction 1 & eql Y A
A *y !
Ve
TAV] T nke Y _ 1
= Ty .4 4 (4b)
% nke nFe Yy i
L ¥ JReaction 1 % cal Try b
&

The separate contributions can be understood as the number
of iron atoms in the appropriate phase with respect to the
number of Fe atoms present in the total of N atoms, multi-
plied by the relative specific volame change of Fe in phase i
with respect to Fe in the initial austenite, The partial con-
tributions are shown for completed transformation (z; = 1)
in Figs.2a and 2b as a function of the isothermal transfor-
mation temperature, for different carbon concentrations of
the initial austenite.

The contribution of the ferrite formation to the total re-
lative volume change of Reaction 1 increases with decreas-
ing isothermal transformation temperature and decreases
with increasing carbon concentrations, see Fig. 2a. In terms
of Eq. (4a), this is caused by variations of both the number
of Fe atoms in ferrite and the difference in specific volume
per Fe atom between ferrite and initial austenite with tem-
perature and carbon concentration, The number of Fe atoms
in ferrite depends on the equilibrium atom fraction of ferrite
that increases with decreasing temperature and decreases
with increasing carbon concentration. The difference in spe~
cific volume per Fe atom between ferrite and the initial
austenite increases with decreasing temperature, because
the thermal expansion coefficient of ferrite is smaller
than that of austenite, and reduces with increasing atom
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Figs. 2a and b, (a) Contribution of the formation of ferrite to the total
relative volume change for Reaction 1, according to Eq. (4a), for tem-
peratures above A (= 1000 K) and (b) contribution of the enrichment
of the remaining austenite to the total relative volume change for Re-
action 1, according to Eq. (4b), for temperatures above A;, The num-
bers in the figure indicate the gross carbon concentration of the alloy
concerned,

fraction of carbon in the initial austenite. For a carbon con-
centration of about 0.53 wt, % the difference in specific vol-
ume between the ferrite and the initial austenite is no longer
significant in the temperature region investigated.

The contribution of the remaining austenite, that enriches
with carbon, to the total relative volume change of Reaction
1 obviously decreases if the number of Fe atoms in the en-
riched austenite decreases, which is the case with increasing
ferrite atom fraction (i. e. decreasing atom fraction of car-
bon of the initial austenite or decreasing temperature). The
difference in specific volume per Fe atom of the enriched
austenite and the initial austenite increases with decreasing
temperature (because the carbon concentration in the en-
riched austenite then increases) and with decreasing carbon
concentration of the initial austenite. The opposing effects,
with decreasing carbon concentration of the initial austen-
ite, explain why in Fig.2b the curves for 0.17wt. % C
and 0.36 wt. % C intersect.

The total relative volume change for the decomposition
of austenite according to Reaction 1 after completed
transformation (combination of effects shown in Figs2a
and 2b) increases with decreasing temperature and de-
creases with increasing carbon concentration, see Fig.5
for T > A,.
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2.2 Fe-C: below A,

The decomposition of austenite into ferrite and cementite
(for T, < Aj) can be described as:

Vi = e + 0 (Reaction 2)

The symbols o, vy and 6 refer to the different phaseq The
symbol x;" denotes the initial carbon atom fraction in phase
Y, and the symbol %592 denotes the equilibrium atom fraction
of carbon in ferrite, see Fig. 1. The cementite is considered
to be of constant composition. Although Reaction 2 de-
scribes the final and initial phases for this temperature re-
gion, the final phases are formed in two consecutive reac-
tions [5, 6]; a Reaction 1 like transformation of austenite
into ferrite, enriching the remaining austenite with carbon
up to saturation level (Reaction 2a), followed by the decom-
position of the austenite saturated with carbon into ferrite
and cementite (reaction 2b). The saturation carbon concen-
tration in the enriched austenite ( }(;‘“) was calculated from
the condition Auc =0 [5], where Auc is defined as the
chemical potential of carbon in ferrite at the interface
minus the chemical potential of carbon in austenite at the
interface.

'Yx'!’n g axiql -+ ’Yz;}al (REaCtion 2A)
Vi = X + 3] (Reaction 2B)

The atom fraction of ferrite, with respect to all atoms, i. e. Fe
and C, in the specimen, produced according to Reaction 2a,
X2, is obtained by applying the lever rule to the Fe-C phase
diagram at the relevant temperature (D/(C + D) with C and
D as line segments as indicated in Fig. 1, using data for the
carbon atom fractions of austenite and ferrite presented in
Table 1b. The specific volumes per Fe atom for each phase
are calculated similarly as for Reaction 1. The average atom
fraction of carbon in the remaining austenite that enriches in
carbon as a function of 73, is calculated similar to Eq (3.
This average atom fraction of carbon in the remaining aus-
tenite, yy, runs from ¥"(z, = 0) to 13" (22a = 1) in this case.
The relative volume Eange for Reactmn 2a, as a function of
the degree of transformation, 2z, can then be calculated
using Eq. (2) applying expressions for the numbers of Fe
atoms in each phase listed in Table 2b.

After completed Reaction 2a, the atom fraction of
enriched austenite equals (1 — xi“). The atom fraction of
ferrite, with respect to all atoms, 1.e. Fe and C, in this aus-
tenite, produced according to Reaction 2b, xib, is obtained
by applying the lever rule to the Fe-C phase diagram at
the relevant temperature for the composition o (E
(C+ D + E)) with C, D and E as line segments a8 indi-
cated in Fig.1, using data for the carbon atom fractions
in the cementite and ferrite presented in Table 1b. Hence
the equilibrium atom fraction of ferrite, with respect to
all atoms, i.e. Fe and C, in the spemmen that occurs for
cornpleted Reaction 2b, x2%, equals x 24 (1 — x22) . x2b,
which is also obtained by applying the lever rule to the
Fe-C phase dlagram at the relevant temperature for the
composition x,' (D + EY(C + D + E)) with C, D and E
as line segments as indicated in Fig, 1, The spec1f1c volume
per Fe atom for austenite, ferrite and cementite is calculated
using data on the lattice parameters and the thermal expan-
sion coefficients; see Table la. The relative volume change
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for Reaction 2b as a function of the degree of transforma-
tion, zap, can then be calculated in a way similar to that for
Eq. (2), applying expressions for the number of Fe atoms in
each phase listed in Table 2c, which yields:

[:AV:|
|4 Reaction 2b
vV Yy o
Fe uzegq +n Fe . \6 + n'Fe ng v nFe . T
% eg2 Yy gt 4 Y, sat 4
- " )
Ylsm
nFe L
Y at 4
Y

where the ferrite is considered to have the equilibrium

composition and #'F “u denotes the number of Fe atoms in

the as yet untransformed austenite. It should be noted
that the equilibrium atom fraction of ferrite for Reaction
2b, x2b refers to the part of the specimen present as the aus-
tenite remaining from Reaction 2a. In order to calculate the
total relative volume change for Reaction 2, the absolute
volume changes for Reaction 2a and Reaction 2b must
be added and not the relative volume changes.

7]
4 Reaction 2

AV L [AV
Vzﬂ initial [ ]Reaclmn 2a+V2b’ initial [ 14 ]Reaclion 2b (621)
anial

where Vi iniiat is the volume of the starting austenite for
Reaction 2a, Vap inital 1S the volume of the starting austenite
for Reaction 2b, i. e. the austenite remaining from Reaction
2a and saturated with carbon according to the Auc=0
criterion, All atoms are involved in Reaction 2a, therefore
Vinitia1 and Vo iniia are equal and Eq. (6a) reduces to Eq.
(6b):

[AV] _ [AV] Vb, initial [AV}
4 Reaction 2 14 Reaction 2a Vinitial 14 Reaction 2b
nFe .
[AV] Vx;"l Y [AV}
=\ T——
v Reaction 2a nyxiy“ "Yxiln 14 Reaction 2b

(6b)

The value for the contribution of Reaction 2b as expressed
by the second term at the righthand side of Eq. (6b) is shown
in Fig. 3b. In the case that Reaction 2a does not occur, the
total relative volume change for Reaction 2 is equal to the
relative volume change for Reaction 2b.

The contributions of Reaction 2a and 2b to the total re-
lative volume change of Reaction 2 for completed transfor-
mations (zza = 1; z2p = 1) are illustrated in Figs. 3a and 3b.
Clearly, for a low carbon concentration the largest contribu-
tion to the total relative volume change of Reaction 2 is due
to Reaction 2a. With increasing carbon concentration this
contribution diminishes and the formation of cementite
with ferrite, Reaction 2b, becomes more important, For a
carbon concentration of 0.57wt. % C it is seen in Fig.3a
that the contribution of Reaction 2a is nil below a tempera-~
ture of 932 K (see arrow in Fig. 3a). This occurs because,
according to the Auc = 0 criterion (see above), austenite at
932 K is saturated if 0.57 wt. % C is dissolved. Then Reac-
tion 2a is predicted not to occur and Reaction 2 only consists

Z. Metallkd, 87 (1996) 1
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Figs. 3a and b, (a) Contribution of Reaction 2a fo the total relative
volume change for Reaction 2, for temperatures below A, (= 1000
K) and (b) contribution of Reaction 2b to the total relative volume
change for Reaction 2, for temperatures below A;. The relative volume
change of Reaction 2b is calculated according to the second term at the
right-hand side of Eq. (6b) using Eq, (5). The atrows in the figure in-
dicate the temperature for the Fe-0.57 C alloy below which Reaction 2a
can not occur. The numbers in the figure indicate the gross carbon
concentration of the alloy concerned,

of Reaction 2b. This leads to a discontinuity for the slope of
the corresponding curve shown in Fig. 3b as well, because
the composition of the initial austenite becomes equal to the
gross composition of the alloy and thereby independent of
temperature below 932 K (see arrow in Fig. 3b). For alloys
with a lower carbon concentration of the initial austenite the
same effect occurs, but at a Jower temperature.

For each of the Reactions 2a and 2b a separation of the
relative volume changes similar to Eqgs, (4a) and (4b) can be
performed. Thus, for Reaction 2a one can distinguish be-
tween the contributions of the ferrite that forms and that
of the remaining avstenite that enriches in carbon. As com-
pared with Reaction 1 (see Fig. 2a), the temperature behav-
iour is reversed, because for Reaction 2a with decreasing
temperature both the atom fraction of ferrite decrease
and the carbon enrichment of the austenite diminishes as
predicted from the Auc = 0 criterion. This explains that
the relative volume change for Reaction 2a decreases
with decreasing temperature (Fig. 3a).

Reaction 2b also includes two relative volume effects.
Thus (with nf° = ngiqz + ke + rz;Fe
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Figs. 4a and b. (a) Contribution of the formation of fesrite by Reaction
2b to the total relative volume change for Reaction 2 (see Eq. (7a) and
text below it) for temperatures below A, (= 1000 K) and (b) contribu-
tion of the formation of cementite in Reaction 2b to the total relative
volume change for Reaction 2 (see Eq. (7b) and text below it) for tem-
peratures below A, The numbers in the figure indicate the grass carbon
concentration of the alloy concerned.
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These effects are shown in Figs.4 such that the relative
volume changes as obtained from the above Egs. (7a)
and (7b) have been multiplied by the factor Vaop initiar/
Vinidat (see Eq. (6b)).

First the formation of ferrite from austenite saturated
with carbon is considered; see Fig.4a. For temperatures
near A; this effect is negative (i.e. relative volume de-
crease), because in the saturated austenite the specific
volume per Fe atom is larger than in the ferrite. With de-
creasing temperature this volume change increases, i.e.
becomes less negative, due to a thermal expansion coeffi-
cient that is larger for the austenite than for the ferrite. A
linear dependence on temperature is expected for this vol-
ume change by only the difference in thermal expansion
coefficient between austenite and ferrite. Instead a smooth
curvature is observed because the ferrite atom fraction
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decreases with decreasing temperature. As discussed above
for Reaction 2a, for the carbon concentration of 0.57 wt. %
C a discontinuous change of slope is noticed at 932 K in
fig. 4a, because below 932 K Reaction 2a is not predicted
to occur. Below such temperatures the atom fraction of
ferrite is practically independent of temperature and the
increase of volume change with decreasing temperature
is therefore solely determined by the difference in thermal
expansion coefficient between ferrite and the initial (satu-
rated) austenite, The relative volume change due to for-
mation of cementite shows a negligible influence of the
temperature (see, Fig. 4b).

The total relative volume change for decomposition of
aastenite according to reaction 2 (combination of reactions
shown in Figs. 3a and 3b) increase with decreasing tempera-
ture and decreases with increasing carbon concentration,
see Fig.5 for T < A,, similarly as for Reaction 1 for
T > A;. Note that the discontinuity at 1000 K reflects
that the total relative volume changes hold for different re-
actions for T < Ay and T > A|.

2.3 Parameter Sensitivity of the Calculations

The parameter sensitivity of the calculation of the volume
changes upon phase transformation is assessed as follows.
With respect to the application of Egs. (2) and (5) two pos-
sible sources of error are recognised: (i) errors in the lattice-
parameters values, (i) an error in the value of the gross
carbon concentration.

The uncertainties in the lattice-parameter data, for aus-
tenite and ferrite (about 0.01 %), are negligible with re-
spect to the calculated total volume change.

The effect of an error in the gross carbon concentrations
is more pronounced since in practice the absolute error in
the determination of the carbon concentration is about
0.03 wt. % with the gross carbon concentration in the range
0.2-0.6 wt. % C. An error in the gross carbon concentration
affects the calculated volume change directly via x'", and
indirectly via the atom fractions of ferrite, xj‘” and xi“
(x2* is independent of the gross carbon concentration; see
above Eq. (5)), and the lattice parameter of the initial aus-
tenite.
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Fig. 5. The calculated total relative volume change for the decomposi-
tion of Fe-C austenites above and below A; (= 1000 K). The error bar
indicates the inaccuracy due to the experimental uncertainty in the car-
bon concentration (= 0,03 wt, % C) of the initial austenite,
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An absolute error in the carbon concentration of
0.03 wt. % gives rise to a possible variation of the relative
volume change as indicated in Fig. 5 by the error bar.

3 The Total Degree of Transformation

To analyse transformation kinetics from dilatometer experi-
ments, the relative length change measured as a function of
time and/or temperature has to be expressed in terms of a
(total) degree of transformation. For the isothermal decom-
position of austenite the total degree of transformation, zj,
is defined, similar to the degree of transformation for the
different reactions (cf. Section 2), as the atom fraction of
ferrite at a specified time, #, divided by the equilibrium
atom fraction of ferrite, i.e. after completed total transfor-
mation at the appropriate temperature. This degree of trans-
formation equals the number of Fe atoms in ferrite at a spe-
cified time #, divided by the total number of Fe atoms in
ferrite after completed transformation. Thus (note that at
constant temperature nt°/ng is constant):

trlt = 1) = nlt=8)  wel=8)+nit=1)
or Y xa(t =00)  nfe(t = o00) +nS(t = o0)
_mrr=1) ®)
nfe(r = o0)

If the product of transformation is a single phase, as in the
case for the y—a transformation in pure Fe (Reaction 0), the
total degree of the transformation, z, equal to zp, is de-
duced easily from the measured dilatation by dividing
the measured relative length change at t =1 by the total
relative length change at t = co.

If the products of transformation are two or more phases,
the determination of the degree of the transformation be-
conmes more complicated. If the two phases are formed
in a single reaction, as in the case of Reaction 1, the total
degree of the transformation equals the degree of transfor-
mation for Reaction 1, i. e. z; (see Eq. (2) and Table 2a). The
relation between the degree of the transformation, z;, and
the relative volume change, calculated from Egs. (2) and
(3) using Tables 1a and 2a, is practically linear. Hence,
for Reaction 1, the degree of transformation, zi, is deduced
easily from the measured length change, similar to the case
for a single product phase (Reaction 0).

If the final phases form in two or more consecutive re-
actions, as holds for Reaction 2(see Reaction 2a and 2b), itis
not trivial to determine the total degree of transformation
from the measured (total) length change. The degrees of
transformations of the separate reactions, zz, and z,y, as de-
fined in section 2.2 can be written as:

2 = (HOF(:TZ)%U Y (9a)
(M) (1= o0)

Fe
(na g 2) (t=1t)
o = e L2 (9b)

F -
(”“Z‘ﬁ ) 2b(t = o)

The total degree of transformation is then calculated by
adding the number of Fe atoms in ferrite formed in Reac-
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tion 2a, (nF e

o ‘ﬂ)z , and the number of Fe atoms in ferrite
a

formed in Rcacuon 2b, ( )Zb, at the stage of transfor-
mation considered and d1v1d1ng this sum, (nFe ) , by the
tot

total number of Fe atoms in ferrite after completed total
transformation:

(I’lge ,)[Ot(t = t,)
Zror =
(ke sl = 00) + (nfs, Jantt = o)
Ky
2 (ngfm) ot = 00) + 228 < a“)zb(f =00)

= (ngquz)ga(t = OO) + (,lsi 1)2b(t — o) (10)

where (nff ,) and (nF ¢
A/ 20

ocx:qg
listed in Table 2b and 2c.

For the purpose of illustration, in the following the total
relative volume change is calculated as a function of the
total degree of transformation assuming that Reaction 2a
is completed before Reaction 2b starts. For 0 < zp, <1
and 7y, = 0, it holds that:

AV AV
N7 (Ztot) = v
Reaction 2

Because the relative volume change according to Reaction
2a is practically a linear function of zp, (see discussion
above Eq. (9)), the relative volume change as a function
of the total degree of the transformation, z, is also practi-
cally linear (note that although zap = 0, zyor #2205 ¢f. Eqs.
(9a) and (10)).

If Reaction 2b proceeds, in order to calculate the total
volume change from the volume changes due to Reaction
2a and Reaction 2b, the absolute (and not the relative) vol-
ume changes due to Reactions 2a and 2b have to be added
(cf. Section 2.2). Thus, for 73, = 1 and 0 < zo, < 1 it holds

)21: are given by the expressions

(Zzw)} (11)

Reaction 2a

that
AV AV
[_— (Ztot)] = |: v (Z2a = 1)]
Reaction 2 Reaction 2a
Vb, initial [AV ]
+ = | () (12)
Vim’tiai v Reaction 2b

The total relative volume change as a function of the total
degree of transformation for Reaction 2 is shown in figs. 6a
and 6b for a) the Fe~0.2 C alloy and b) the Fe-0.4 C alloy
(note that [47] Reaction 25 18 @ truly linear function of its degree
of transformatlon Zap; see Eq. (5) and Table 2c). The strik-
ing conclusion from these calculations is that although the
pearlite transformation (Reaction 2b) can correspond to
more than 50 % of the total degree of transformation (as
for the Fe~0.4 C alloy), it can contribute with only about
10 % to the total relative volume change. Clearly, in gen-
eral no linear relation for Reaction 2 exists between the
total relative volume change and the total degree of the
transformation. Hence, if Reactions 2a and b occur, deter-
mination of the total degree of transformation (atom frac-
tion ferrite) from the measured length change is not straight-
forward. This does not seem to be realised always; see €. g.
[10] where the degree of transformation is taken equal to the
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Fig. 6a and b. The normalised total relative volume change for Reac-
tion 2 as a function of the total degree of transformation for different
temperatures below A for (a) the Fe~0.2 C alloy and (b) the Fe-0.4 C
alloy.

measured relative length change. Only if the carbon concen-
tration is that high or the isothermal transformation tem-
perature is that low that Reaction 2a does not occur, the
linear relationship between the degree of transformation
and the relative volume change as reported in [3] holds.
According to the criterion of Ref. [5], the minimal carbon
concentration, above which Reaction 2a does not occur in-
creases with temperature (from 1.40 at. % (= 0.31 wt. %)
C at 800 K to 3.45 at. % (= 0.76 wt. %) C at 1000 K). The
present proposal for a definition of the total degree of trans-
formation incorporates correctly the contributions of Reac-
tion 2a and 2b as functions of temperature and gross carbon
concentration. An example of an in this sense incorrect
treatment is provided by [11].

4 Conclusions

(i) Defining the total degree of transformation during the
isothermal decomposition of an austenitic Fe-C speci-
men, as the momentaneous number of Fe atoms in fer-
rite relative to the number of Fe atoms in ferrite after
completed transformation, the dimensional change of
the austenite specimen upon decomposition can be cal-
culated on the basis of the lattice parameters of the
constituting phases and their dependence on tempera-
ture and composition, and the phase diagram.
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(i1) During the isothermal decomposition of an austenitic
Fe-C specimen, the total degree of transformation as a
function of time can be deduced from the total relative
volume change as a function of time provided that
either a single transformation reaction occurs, such
as the formation of ferrite from austenite in associa-
tion with carbon enrichment of the remaining austen-
ite, or multiple transformation reactions occur consec-
utively (separated in time), such as the formation of
ferrite with carbon enrichment of the remaining
austenite followed by the formation of pearlite from
this remaining austenite. If the transition from the first
to the second transformation does not occur at about
the same time for the entire specimen, no unique rela-
tion can be given between the total degree of transfor-
mation and the relative volume change, as pertaining
to a certain time.

(ii1) The relative length change is an approximately linear
function of the degree of transformation for the decom-
position of austenite into ferrite and carbon enriched
austenite and it is a truly linear function of the degree
of transformation for the decomposition of austenite
into ferrite and cementite. However, the relative
length change is not a linear function of the total de-
gree of transformation incorporating both these reac-
tions (i.e. decomposition of austenite below A;). In
many cases the formation of ferrite in association
with carbon enrichment of the austenite prior to the
formation of pearlite dominates the total relative
length change measured in the dilatometer.
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Appendix
Volume Fractions of Ferrite and Cementite

For the decomposition of austenite into ferrite and carbon-
enriched austenite, the following formulas have been given
in [3]:

2vI-ad +(1-VD).ad —-ad
A_V . * dxiql * Tay ‘YXEI (Al)

3
V aylill
¥

where Vg denotes the “volume fraction” of ferrite and a;
represents the lattice parameter of phase i. A comparison
of Eq. (A1) with Eq. (2) shows that the volume fraction
of ferrite as employed in [3] is equal to:

1
-—1—-){;“

Clearly, this is not a volume fraction since x4l is an atom
fraction of ferrite and y.' is an atom fraction of carbon.

The true volume fraction of ferrite follows straightfor-
wardly from the Fe atom balance employed for the deriva-
tion of Eq. (2). It is obtained:

. eaql
Xy

VT

[+ 4

(A2)

Fe vaz“"
azuql T2
V, = - z - (A3)
Lt . v,
Fe | __* — Fe in Ly
notzull 2 <N (naleql + NX'Y )) 4
&4 43

with v;/N; as the unit cell volume of phase i, v;, divided by
the number of Fe atoms in the unit cell, N;.

For the decomposition of austenite in ferrite and cement-
ite, after re-arranging, the following formula has been given
in [3] for the calculation of the volume fraction of cetmen-
tite:

H ¥
34 3

(-3

Vo (A4)

This equation is incorrect. The true volume fraction of ce-
mentite after completed transformation 2 follows straight-
forwardly from the Fe atom balance on which Eq. (§) is
based; it is obtained:

in V9
3 o

Vo = - -
(1 — dyin) %+ 30 35

(A5)

Using the incorrect Eqs. (A 2) and (A 4), as in [3], leads to
errors which can be of the order of 20 % for high-carbon
alloys:.



