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Analysis of phase transformation in Fe—C alloys using
differential scanning calorimetry
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Differential scanning calorimetry (DSC) is a well suited technique for studying phase
transformation kinetics provided the transformation involves some kind of heat effect. The
diffusional transformation in Fe—C alloys and low alloy steels upon cooling from the
austenitic state involve both heat of transformation and changes in heat capacity. In
principle, it can therefore be analysed using DSC techniques. Particular complications in the
analysis of the heat effects occurring on this transformation are the strong temperature
dependence of the heat capacity of the ferrite and the strong temperature dependence of the
enthalpy of formation of ferrite from austenite. A simple mathematical method is presented,
which allows for the non-linear temperature dependence of heat capacities and enthalpy of
formation. As a consequence, the method can be used to analyse the simultaneous
formation of pearlite. Using this method, the fractions of both pro-eutectoid ferrite and
pearlite as a function of the temperature are determined from heat capacity measurements
for several Fe—C alloys. Data for the enthalpy of formation of pearlite are presented. The

method presented is generally applicable for analysing reactions or transformations
occurring over a wide temperature interval where the heat effects are temperature

dependent.

1. Introduction

Differential scanning calorimetry (DSC) is a
commonly used technique in the investigation of reac-
tion and transformation kinetics in a wide range of
materials including polymers, ceramics and metals.
The theoretical background of this technique and the
usual methods of analysis are described in several
textbooks (e.g. Refs [1, 2]). Studying the kinetics of
transformations usually requires the determination of
the fractions transformed as a function of the time
elapsed. In the case of DSC, the determination of
reaction rates and fractions transformed involves the
analysis of the behaviour of the DSC curve during the
transformation. For this purpose, the part of the signal
due to the heat of transformation must be separated
from the part of the signal due to the intrinsic heat
capacity of the sample itself. There are several
methods to do this, each involving the partial area
integration of the peak caused by the heat of trans-
formation occurring during the transformation [1, 2].
These methods implicitly assume that the difference of
the heat capacity between parent and product phase
does not change during the phase transformation. If it
does, some of the heat effects are interpreted as either
heat of transformation or intrinsic heat capacity, de-
pending on the change of the difference in heat capa-
city. In this case, the usual methods of analysis will not
yield the true fraction transformed.

0022-2461 © 1996 Chapman & Hall

The technologically very important decomposition
of austenite into ferrite in hypo-cutectoid Fe—C alloys
and (low alloy) steels is a typical example of the latter
class of transformations. The austenite decomposition
is the most important step in controlling the micro-
structure, and hence the mechanical properties, of
low-alloy construction steels. This transformation
takes place when crossing the o/y two-phase region of
the Fe—C diagram on cooling from the one-phase
austenitic state. At approximately 1040 K, ferrite ex-
hibits a ferromagnetic transition, causing a strong
nonlinear behaviour of the heat capacity of ferrite in
a relatively wide temperature range, rendering partial
area integration methods invalid. The formation of
so-called pro-eutectoid ferrite is followed by a eutec-
toid reaction, pearlite formation, as soon as the re-
maining austenite has become supersaturated. This
itself is also a reason why partial aréa integration
methods cannot be used in this case. It is the purpose
of this paper to demonstrate a new method for the
determination of fractions transformed from DSC
measurements in the case that non-linearities with
respect to temperature of heat capacities and enthal-
pies of formation cannot be neglected.

2. Theory

In this section, a general method for the analysis of
heat effects caused by phase transformations or
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reactions will be presented. The transformation of
austenite () to ferrite (o) in Fe—C alloys, which occurs
when crossing the o/y two-phase region from the
v one-phase region, will serve as an example.

2.1. Analysis of heat effects

In gencral, when two phases o and v are present in
a sample of material, the experimentally measured
heat capacity C, is a weighted sum of the capacity of
the two phases

Cp, = x*Cy + xX'Cy (1)
The (molar or mass) fractions x* and x” are related by
x* + x¥ =1 2

If, due to a phase transformation, an additional
amount of heat is dissipated or generated by the
sample, a term dQ/dT has to be added to the right
hand side of Equation 1, thus correcting for this heat
of transformation. It holds that [3]

dg dx?

= AHY

daT dT @)

where AH®¥" is the enthalpy difference of both phases.
Rewriting the extended form of Equation 1 yields

dx’  C%—C} c:—C,

— Y
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This equation holds as long as the decomposition of
austenite into pro-eutectoid ferrite is the only process
to be considered. In the analysis, C%, C%, and AH*"
are allowed to be functions of the temperature. The
austenite and pro-eutectoid ferrite fractions can be
determined as functions of temperature using Equa-
tion 4

The formation of a third phase during the trans-
formation imposes a difficulty because the relation
between the fractions is less clear as in the case where
the transformation only involves formation of pro-
eutectoid ferrite. On the formation of a third phase
0 (in the case of Fe—C alloys: cementite), Equation
2 now becomes

x4+ x* 4+ x =1 (5a)

The eutectoid reaction y — o + 0 in Fe—C alloys leads
to the formation of pearlite, a mixture of ferrite and
cementite with a lamellar microstructure. According
to the Fe-C equilibrium diagram, the ferrite and
cementite fractions have a fixed ratio at completed
transformation, depending mainly on the average car-
bon content (neglecting the very small temperature
dependence of the carbon solubility in ferrite). How-
ever, due to kinetic reasons, the ratio between the
fetrite and pearlite fractions is not fixed. 1t varies not
only with the alloy carbon content but also with the
temperature at which the eutectoid reaction takes
place, which itself is sensitive to cooling rate. Hence it
is appropriate to rewrite Equation 5a in terms of
fraction of austenite, pro-eutectoid ferrite x*P* and
pearlite x?

X' 4 xPPO 4 xP = 1 (5b)
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In this case, Equation 1 becomes

d
L = XCL 4+ XPRCE - S 4 92 (g)

C
dT

where d@/dT includes both the heat of formation of
pro-eutectoid ferrite and the heat of formation of
pearlite. After some rewriting, it follows that

dx*  _Cp—CB

dar = TAm®

o. pro
(1 — x*7)C} + x»PoC2 + AH"/Y———d);T —c

p

AH?

Y

where AHP is the enthalpy of formation of pearlite
from austenite. In this equation, the heat capacities
and the enthalpies of formation of the various phases
are allowed to be temperature dependent. Equation
7 is used to analyse the heat effects of the pearlite
formation whereas Equation 4 is used to analyse the
heat effects when only a single process is to be con-
sidered (i.e. pro-eutectoid ferrite formation).

To solve Equation 7 for xP, it is required to pre-
scribe x*P* during the eutectoid reaction. The first
approximation one could use is to take the value of
x*P* during the eutectoid reaction as constant and
equal to the value it had just before the onset of the
eutectoid reaction. However, as will be shown in this
paper, the formation of pro-eutectoid ferrite and
pearlite are competing processes and hence x*** cha-
nges during the eutectoid reaction. It was therefore
chosen to use a linear extrapolation of dx®*°/dT
from the value at the onset of the eutectoid reaction to
zero at the end of the transformation yielding a quad-
ratic behaviour of x®*?* during the eutectoid reac-
tions. This approximation is considered to be suffi-
cient as far as the fraction x™?* does not vary too
much during peatlite formation. In the case the alloy
composition is close to the eutectoid composition (e.g.
Fe—0.6% C) this approximation will not be correct.
The solution of Equation 7 is therefore subject to the
boundary constraints at the start of the eutectoid
reaction x° =0 and the value of dx*P™/dT which
follows from the solution of Equation 4.

Both Equation 4 (pro-eutectoid ferrite formation)
and Equation 7 (ferrite and simultaneous pearlite
formation) are easily solved numerically by using the
trapezoid rule. An integration interval of 1 K was
used. Numerical stability problems were not encoun-
tered. All integrations were performed from high tem-
perature downwards. For the calculation of the pro-
eutectoid ferrite formation (i.e. the solution of Equa-
tion 4), the boundary condition x¥ =1 at the start of
the transformation was used.

It should be pointed out explicitly that in this work
pro-eutectoid ferrite is not defined as the ferrite for-
med before the start of the pearlite formation but as
the ferrite not forming part of the pearlitic part of the
microstructure.
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Figure 1 The measured heat capacity for ferrite Cg in pure iron. The
experiments were performed at a scanning rate of 20 K min~*. Also
the enthalpy difference between ferrite and austenite is given as
a function of temperature (solid line).

2.2. Parameter evaluation

To solve Equations 4 and 7, the temperature depend-
ence of the heat capacities and the enthalpies of forma-
tion of the various phases should be known accurate-
ly. As this information is essential, for the analysis, the
specific details for these input data will be described in
detail first.

2.2.1.- Heat capacity of austenite

The heat capacity of austenite is assumed to be a lin-
ear function in the temperature range of interest. It
can therefore be determined by linear extrapolation
from the temperature range in which the austenite is
stable. For this purpose, the heat capacity data of
a eutectoid alloy in its austenitic state are used. For
dilute Fe—C alloys like those used in this work, the
heat capacity of austenite was found to be indepen-
dent of the carbon content (cf. Fig. 2).

2.2.2. Heat capacity of ferrite

During continuous cooling of Fe alloys at a rate of
20 K min ™!, the maximum of the heat capacity due to
the ferromagnetic transition is observed at 1023 K. On
continuous heating at the same rate, this peak is found
at a temperature of approximately 1052 K. The value
accepted in the literature for the Curie temperature
T, is approximately 1043 K. Considering the cooling

rate used, this peak shift is too large to be explained by-

a temperature lag of the sample with respect to the
thermocouple®. Also, the temperature calibration of
the thermocouples has been examined and was found
to be correct (calibration points reproducing within
0.3 K). Since the solution of Equation 4'is sensitive to
errors in C}, the measured values for ferrite have been
used instead of values given in literature (c.g. [4, 5]).
Due to the low solubility of carbon in ferrite, the heat

capacity of ferrite does not depend on the alloy carbon
content.

2.2.3. Heat capacity of pearlite

The value of C§ may be found by measuring the heat
capacity of a sample with eutectoid composition. This
yields a C, with an average carbon concentration of
0.8%. However, as mentioned before, in the case of
hypo-eutectoid Fe—C alloys, the average carbon con-
centration in pearlite may be lower, depending on the
cooling rate. Hence, the heat capacity of pearlite may
vary from one case to another. A more suitable ap-
proach is to determine C% from the heat capacity
measurements at completed transformation. This can
be done by choosing a value of C} so that the left hand
side of Equation 7 vanishes at completed transforma-
tion, implying '

__ O, progo
C, — x*P°C]

Cg = o, Pro (8)

1—x
In this work, C% for hypo-eutectoid alloy composi-
tions during the pearlite formation is determined by
multiplying C}, for the Fe—0.8 mass % C alloy with an
adjustable constant. This constant is adjusted such
that dx?/dT vanishes at completed transformation.
Note however, that this procedure is very susceptible
to experimental errors at low pearlite fractions.

2.2.4. Enthalpy of formation of pro-
eutectoid ferrite

The enthalpy difference between ferrite and austenite
AH*Y, which has been determined by integration of the
heat capacity of ferrite while taking the literature value
of AH¥" at 630 K [5] as a reference point (i.e integra-
tion constant). The result is given in Fig. 1. The strong
increase of the enthalpy difference with decreasing tem-
perature is, to a large extent, caused by the ferromag-
netism of ferrite. Since the heat capacities of both ferrite
and austenite do not depend on the carbon content,
AH®" is not a function of the alloy carbon content.

2.2.5. Enthalpy of formation of pearlite

Also the enthalpy of pearlite formation AHP is not
known in advance and has to be determined from
these measurements. Because the eutectoid reaction
takes place over a limited temperature range, AHP is
considered to be constant. The value of AH® can be
determined by taking into account the value x*?™ at
the onset of pearlite formation, the behaviour of x*P™
during the reaction and the fact that the material must
be completely transformed when the process is finish-
ed (ie. x*P™ + x? = 1 at the end of the reaction).

* Analysis of the variation of the onset temperature of the o/y transformation in pure Fe with the heating/coolinig: rate reveals that
a temperature shift of no more than 4 K can be expected at the cooling rate used. However, in the temperature range of interest, an analysis of:
temperature lag should be performed using the melting points of pure metals as defined by the temperature scale ITS 90 (see Ref. [6] for
a discussion on this subject). Therefore, a temperature shift of 4 K is an overestimation of the instrumental effects in the observed shift of the
ferromagnetic contribution in Cj. These results were obtained using a Netzsch DSC 404 and were confirmed by repeating the measurement

using a Perkin Elmer DTA-7.
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TABLE I Chemical composition in mass % of the Fe—C alloys employed, as determined by inductively coupled plasma optical emission

spectroscopy or atomic absorption spectroscopy

Element/ C S P Cr Mn Ni Cu Mo Sn
Name

Fe 0.01 < 0.005 < 0.001 0.001 0.0007 0.003 0.001 0.0002 0.002
Fe-0.17C 0.17 < 0.005 < 0.001 0.001 0.0007 0.004 0.007 0.0007 0.001
Fe-036C 0.36 < 0.005 < 0.001 0.001 0.0007 0.003 0.015 0.0003 0.001
Fe-0.57C 0.57 < 0.005 < 0.001 0.001 0.0009 0.001 0.002 0.0018 0.001
Fe-08C 0.80 < 0.005 0.038 0.0002 0.0005 0.003 0.006 0.003

0.0005

3. Experimental procedure

The formation of pro-eutectoid ferrite and pearlite
from an austenite matrix was studied using various
hypo-eutectoid Fe—C alloys. The alloys were prepared
by arc melting iron, with the chemical composition as
indicated in Table I, under an argon flow while adding
pure graphite to obtain the carbon concentration re-
quired. Austenitizing took place at 1273 K for 15 min,
after which the solid alloy was hot-rolled to a thick-
ness of 4 mm. The chemical composition after hot-
rolling was determined using inductively coupled
plasma optical emission spectroscopy or atomic ab-
sorption spectroscopy and is listed in Table I. The
rolled slabs were annealed yielding a microstructure of
spherical cementite particles (diameter 2 pm) in a fer-
rite matrix.

With the exception of the Fe—0.8 mass % C alloy,
the specimens where produced by cold-rolling of the
material to a thickness of approximately 0.3 to 0.5 mm
and by punching out a sample with a diameter of
6 mm. The sample surfaces where cleaned by abrading
the surface and subsequent cleaning with alcohol. The
sample of the eutectoid alloy was produced by prepat-
ing a cylindrical rod with a diameter of 6 mm on
a lathe. From this rod, slices with a thickness of
approximately 0.5 mm where prepared using a dia-
mond blade saw.

The calorimetric measurements where carried out
using a Netzsch DSC 404 (heat-flux type), using S-type
thermocouples and platinum crucibles, covered with
a platinum lid to avoid differences in radiation and
convection losses between the sample and reference
materials at high temperatures. Argon was used to
provide a protective atmosphere (flow 50 mlmin~1).
The heat treatment received by the samples is as
follows. The samples are inserted in the apparatus at
ambient temperature. Next, the temperature is raised
to 870 K (rate programmed to 100 Kmin~1). After
3 min equilibrating the DSC cell, the temperature pro-
gramme continued with heating at a constant rate of
20 Kmin~? to 1270 K. The sample was held at this
temperature for 5 min to enable the carbon to attain
a uniform distribution throughout the sample. The
austenitizing time is relatively short to avoid decar-
burizations as much as possible, which can easily
occur in an argon atmosphere at these temperatures.
Next, the sample was cooled at a constant rate of
20 K min™!. During this part of the temperature pro-
gram, the formation of ferrite from the austenite
matrix can be studied. An identical temperature
programme was followed with empty crucibles, to
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enable the correction for instrumental contributions
to the measured heat flow (the so-called baseline).
Also, a sapphire has been subjected to this temper-
ature programme, yielding the reference signal. The
heat capacity of sapphire (o-corundum) is well estab-
lished in literature [7]. The baseline was subtracted
from both the sapphire run and the sample run. Tak-
ing the subtracted sample line and the subtracted
sapphire line, the heat capacity of the sample was
determined using (see e.g. [8]).

Myes A Usample

C =
? AUref

o ©)

msample

where Cp is the heat capacity of the sample, m,; and
Msampte are the masses of the reference sapphire and
sample respectively, while AUgampie and AU, are the
subtracted DSC output signals of the sample and
reference sapphire respectively, given as either the
temperature differences or the thermocouple voltage
differences. For heat-flux DSC, this equation can be
shown to hold in case of relatively slow transforma-
tion kinetics with moderate heat-effects (see discussion
in [17).

The fractions of pro-eutectoid ferrite at completed
transformation can be verified by examination of the
microstructure using quantitative image analysis. The
cooling rates in the DSC are relatively low and hence
the samples are exposed to relatively high temper-
atures for relatively long times. This may alter the
microstructure after completed transformation, in
particular in pearlitic part of the microstructure. To
circumvent this problem, cylindrical thin walled speci-
mens of the same alloy compositions are subjected to
an identical heat-treatment as used in the DSC-experi-
ments, but now using a dilatometer with a quenching
facility. At a temperature of approximately 910 K, i.e.
when the transformation was just completed, the spec-
imen was quenched to room temperature. This pro-
cedure ensures that after completed transformation,
the microstructure had not changed significantly due
to exposure of the specimen to high temperatures for
longer times. For temperature measurement and con-
trol, S-type thermocouples are spot-welded on the
outer surface of the sample. The sample is kept in
position using quartz pushrods. The thermocouple is
positioned at the central part of the sample. Although
the thermal conductivity of quartz is extremely low
as compared to iron and steel (in particular at the

~ féemperatures considered), the existence of a small

temperature drop at the contact surface between the.
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Figure 2 Heat capacities of the various Fe-C alloys at a cooling

(¢) Fe—0.57 mass % C; (d) Fe—0.8 mass % C.

pushrod and the sample cannot be ruled out. There-
fore the sample has been cut in the vicinity of the
thermocouple. This cross-section has been examined.
The analysis of the microstructure was performed
using a Leitz CBA 8000 quantitative image analysis
system. The area fraction pro-eutectoid ferrite as de-
termined using a quantitative image analysis as to be
compared with the mass fraction pro-eutectoid ferrite
as determined from DSC.

4. Results .

4.1. Heat capacity measurements

The heat capacities, C,, for the various alloys during
continuous cooling at a rate of 20 Kmin™! are given
in Fig 2. The figure shows that the o/y phase trans-
formation starts at a temperature that decreases with
carbon content. The starting temperatures are in
agreement with the A temperatures of the Fe-C
diagram.

The behaviour during the phase transformation is
different for each composition. The C,, curve of sample
containing 0.17 mass % carbon shows three peaks.
The first peak occurring on cooling from the austenite
region can be identified as the start of the oy trans-
formation. The second peak is mainly caused by the
ferromagnetic transition of the ferritic part of the
sample. This heat effect is part of the heat capacity of
ferrite already formed and illustrates the non-linearity
of the heat capacity of the sample. The third peak is
a consequence of the occurrence of the eutectoid reac-

950 1000 1050 1100 1150
(d) T(K}

rate of 20 Kmin~! (a) Fe-0.17 mass % C; (b) Fe—0.36 mass % C;

tion y — o + 0, during which not only ferrite but also
cementite forms. During this process, the formation of
pro-cutectoid ferrite continues. The C, curve of the
sample containing 0.36 mass % carbon shows two
peaks. On cooling from the austenite region, the first
peak contains a significant contribution from the fer-
romagnetic transition as well as from the o/y trans-
formation. The second peak, due to the ecutectoid
reaction, is more pronounced than was the case with
the 0.17 mass % alloy. This is due to the fact that the
amount of pearlite formed increases with the carbon
content. The C, curve of the alloy containing
0.57 mass % carbon shows only one peak. The forma-
tion of pro-eutectoid ferrite is only visible from the
difference in the slope of the peak in the first stages of
the process. However, the major part of the process
consists of the eutectoid reaction. A small part of the
heat effects can be attributed to the ferromagnetic
transition. The transformation which occurs in Fe—
0.8 mass % C alloy is considered to consist of only one
process: pearlite formation. .

4.2. Determination of fractions transformed
Fig. 3 shows the formation of pro-eutectoid ferrite per
unit of temperature for the Fe-0.17 mass % C and Fe—
0.36 mass % C alloys as determined using Equation
4 (see also Section 2.3). It is clear that dx*P°/dT
is non-zero at the start of the pearlite formation
indicating that the formation of pro-eutectoid ferrite
continues during pearlite formation. Fig. 4 gives the
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Figure 3 Formation of pro-eutectoid ferrite per unit of temperature
for the Fe-0.17mass% C (—) and Fe-0.36mass%C (——-)
alloys.
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Figure 4 Calculated fractions of pro-eutectoid ferrite and pearlite
as a function of the temperature for Fe—0.17 mass % C,
Fe—0.36 mass % C and Fe—0.8 mass % C alloys at a cooling rate of
20 K min~*. -@- x*P® (0.17 mass % C); —-@-— x* (0.17 mass % C);
4 x**° (0.36 mass % C); —¢—— x® (0.36 mass % C); —h—— x°
(0.8 mass % C).

fractions x*P™ and xP as a function of temperature for
the alloys Fe—0.17 mass % C, Fe~0.36 mass % C and
Fe—0.8 mass % C.

The pearlite fractions for the Fe—0.17 mass % C and
Fe—0.36 mass % C alloys have been determined using
Equation 7 and adjusting the values of C§ and AHP (cf.
Sections 2.2.3 and 2.2.5).

The transformation in the Fe—0.8 mass % C alloy
consists of a single process (the eutectoid reaction). It
is therefore analysed using Equation 4. The heat capa-
city of pearlite has been used instead of the heat
capacity of ferrite. The heat capacity of pearlite in the
temperature range of interest, determined from the
measurement of Fe—0.8 mass % C after completed
transformation, can be described as

CP = —0948 + 1.923x1073T (Jg~'K) (10)

The enthalpy of pearlite formation was estimated us-
ing the constraint that the austenite fraction must
drop from 1 at the start of the process to 0 at the end of
the transformation.
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Figure 5 Calculated austenite fraction as a function of the temper-
ature for the Fe—0.57 mass % C alloy.

TABLE II The estimated enthalpy of pearlite formation from
austenite AHP for the different alloys. AHP is determined by para-
meter optimization and the boundary constraints as described in
the text. Also the ratio of the heat capacity of peartite for the various
alloy carbon compositions with respect to the eutectoid composi-
tion is given

Mass % C AHp(Jg™%) CP/C? (0.8 mass % C)
0.17 64 0.32

0.36 83 0.55

0.57 85 0.94

0.8 85 1

Analysis of the heat effects of the transformation of
the Fe—0.57 mass % C alloys involves a difficulty inso-
far as there is no clear distinction between the forma-
tion of pro-eutectoid ferrite and pearlite. The heat
effects were analysed using Equation 4, thus treating
the transformation as a single process. For the tC, and
AH values, the data of pure ferrite and pure austenite
have been used. The austenite fraction x? is found to
drop from 1 to 0 within 2% accuracy (see Fig. 5).
Apparently, the difference between the heat capacities
of ferrite and pearlite is very small, while there is also
no distinction between the enthalpy of formation of
pearlite from austenite and the enthalpy of formation
of ferrite from austenite at these temperatures and for
the alloy composition considered.

The estimated enthalpy of formation of pearlite and
the heat capacities of pearlite are given in Table I for
the various alloy compositions.

The results of the calorimetric experiments were
verified by examination of the microstructure after
completed transformation using quanijtative image
analysis (cf. Section 3). The results are listed in
Table III. For comparison, the corresponding frac-
tions as found by analysis of the heat effects and the
maximum amount of pro-eutectoid ferrite that can
form according to the equilibrium phase diagram are
also included.

4.3. Overiapping reactions

Proof for the statement of simultaneous pearlite and
pro-eutectoid ferrite formation is found if the trans-
formation is interrupted during pearlite formation and



TABLE 111 Fractions of pro-entectoid ferrite at completed trans-
formation based on the phase diagram, DSC measurements and
quantitative analysis of the microstructure respectively. Data at
960 X apply to partially transformed samples

Mass % C  x™F° x*P° (DSC) x%P™ (image analysis)
(equilibrium) T =910K

T=1000K T=90K T =910
K
0.17 0.81 0.82 0.82 0.86
0.36 0.56 0.71 0.49 0.72
0.57 0.29 - - 0.1

the microstructure is examined. For this purpose, the
procedure as described for the quantitative image
analysis measurements has been repeated. The tem-
perature for the start of the quench to ambient tem-
perature was chosen such that the eutectoid reaction
was interrupted (approximately 940 K), thus invoking
a martensitic transformation in the remaining aus-
tenite. An example of the resulting microstructure is
given in Fig. 6. The microstructure reveals the pres-
ence of both ferrite/martensite interfaces and pearl-
ite/martensite interfaces. It appears that not all pos-
sible sites for pearlite nucleation are occupied and it
may well be that growth of the ferrite particles con-
tinues at such unoccupied sites. Quantitative evidence
is found by examination of the microstructure just
before the start of the pearlite reaction. This micro-
structure is obtained by repeating the procedure but
starting the quench to room temperature at approx-
imately 960 K. Quantitative image analysis revealed
a significantly lower value of the fraction pro-eutec-
toid as compared to the result at completed trans-
formation (compare the last two columns in
Table III). In particular, at higher alloy carbon con-
tents, the overlap between both processes is not
negligible.

5. Discussion

In the preceding sections it was shown that the heat
effects occurring on continuous cooling of hypoe-eutec-
toid Fe—C alloys from the region of austenite stability
can be separated into instrinsic heat capacity and heat
of transformation effects. The latter is proportional to
the amount of transformation per unit of temperature,
which itself is directly proportional to the transforma-
tion rate. The method described in Section 2 has been
used to convert the measured heat capacity into the
fractions pro-eutectoid ferrite and pearlite as a func-
tion of temperature. The results are the smooth S-
shaped curves given in Fig. 3. Pro-eutectoid ferrite
formation is analysed using the heat capacities as
measured for the Fe-C alloys, pure ferrite and pure
austenite and the enthalpy difference between ferrite
and austenite, all of which are temperature dependent.
The results are subject only to the boundary con-
straint that the sample must be completely austenitic
at the start of the transformation. No parameter ad-
justment is required. The fractions of pro-eutectoid
ferrite at completed transformation as found from the

Figure 6 Microstructure of a Fe—0.57 mass % C alloy quenched
from 940 K after cooling at a rate of 20 K min ™! from a temperature
of 1270 K, showing ferrite, pearlite and martensite.

analysis of the heat effects agrees well with that found
by quantitative image analysis. From this point of
view, the results are considered reliable. The amount
of pro-eutectoid ferrite as determined from DSC and
quantitative image analysis {cf. Table 11T} in the Fe—
0.17 mass % C alloy is in agreement with the value
calculated on the basis of the Fe—C phase diagram.
For the Fe—0.36 mass % C alloy, the fractions of pro-
eutectoid ferrite determined experimentally however
are larger than the value calculated from the phase
diagram. The reason for this is not clear.

To meet the constraint x* =0 and x®P™® 4 xP =1
at the end of the transformation, an adjustment of the
enthalpy of formation of pearlite from austenite and
the heat capacity of pearlite is necessary. Except for
the Fe—0.17 mass % C alloy, the values for AHP for the
different alloy composition agree and AH? =85J g™ !
seems to be a reliable value. The results for C§, how-
ever, are considered to be less reliable. Considering
that the heat capacity of cementite [9] is lower than
that of ferrite and that the amount of cementite con-
tained by the sample increases with increasing alloy
carbon content, a decrease of the measured alloy heat
capacity, C,, with increasing alloy carbon content is
expected at completed transformation. No such rela-
tion between C, at these temperatures and the alloy
carbon content is found. Hence C§ must increase with
increasing alloy carbon content. This result however is
related to a small heat effect, in particular at low
carbon contents. Also C} is one of the very few adjust-
able parameters. Therefore this result is more suscep-
tible to experimental and numerical errors than any of
the other parameters determined.
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At the start of pearlite formation dx***°/dT is non
zero, indicating that the formation of pro-cutectoid
ferrite might continue during pearlite formation. This
conclusion is supported by the results of quantitative
image analysis given in Table III. Considering the
amount of pro-eutectoid ferrite already formed at the
start of pearlite formation, it may be concluded that
the formation of pro-eutectoid ferrite continues during
pearlite formation mainly by growth of existing pro-
eutectoid ferrite particles at those austenite/ferrite in-
terfaces where the conditions for the start of pearlite
formation have not been met. However, the Widman-
stitten ferrite present in the microstructure of the
Fe—0.57 mass % C alloy, as given in Fig. 6, is known
to appear at lower temperatures, in particular those at
which pearlite formation occurs [10]. For this alloy
composition, a large part of the overlap between the
formation of pro-eutectoid ferrite and pearlite is
caused by nucleation and growth of ferrite particles in
the form of Widmanstitten ferrite. No signs of Wid-
manstitten ferrite were found in the Fe-0.17
mass % C and Fe—0.36 mass % C alloys. The forma-
tion of pro-cutectoid ferrite during the pearlite forma-
tion is therefore considered to be caused by growth of
existing ferrite particles at those interfaces not occu-
pied by pearlite. This explains the relatively small
overlap at these alloy carbon contents. Based on the
considerations given above, it must be concluded that
a part of the heat-effects occurring during the pearlite
formation must be attributed to the transformation
vy — o.. The difference in enthalpy of formation for
pro-eutectoid ferrite and pearlite from the austenite
matrix at this temperature range is small (see also
Fig. 1). For the Fe—0.57 mass % C alloy, this makes an
accurate separation between the effects due to pro-
eutectoid ferrite formation and pearlite formation
mostly impossible.

6. Conclusions

A method has been presented to study phase trans-
formations and reactions using differential scanning
calorimetry, even when the heat effects depend on the
temperature at which the transformation takes place.
The heat effects due to the phase transformation can
be separated from the intrinsic heat capacity effects,
allowing the determination of the fraction trans-
formed as a function of the temperature. This method
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has been applied to the transformation v — a(+ 8) in
Fe—C alloys. For the lower alloy carbon contents,
a clear distinction between the formation of pro-
eutectoid ferrite and pearlite is found, as far as the
range of temperatures and heat effects is concerned.
With increasing carbon content an increasing of over-
lap of these processes occurs, as determined from
analysis of both the heat-effects and the microstruc-
ture. In near-eutectoid Fe—C alloys, this effect is very
pronounced. The enthalpy of formation of pearlite is
found to be 85Jg~ !, at least for the higher alloy
carbon contents.
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