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Abstract The effect of thermal ageing on the heat-capacity behavior of 9Cr–1Mo–
0.1C (mass%) ferritic/martensitic steel has been studied using differential scanning
calorimetry (DSC) in the temperature range from 473 K to 1,273 K. The DSC results
in the case of slow cooled, normalized and tempered, and subsequently thermally
aged samples (500 h to 5,000 h at 823 K (550 ◦C) and 923 K (650 ◦C), clearly marked
the presence of both magnetic and α-ferrite + carbide → γ -austenite phase transfor-
mations that take place successively upon heating. Furthermore, for the case of fully
martensitic microstructure, an additional exothermic transformation at about 920 K
(647 ◦C), arising from carbide precipitation is noticed. This event is characterized by
a sharp drop in CP . It is found that the α-ferrite + carbide → γ -austenite phase
transformation temperature is only mildly sensitive to microstructural details, but the
enthalpy change associated with this phase transformation, and especially the change
in specific heat around the transformation regime, are found to be dependent on the
starting microstructure generated by thermal ageing treatment. Prolonged ageing for
about 500 h to 5,000 h in the temperature range from 823 K to 923 K (550 ◦C to 650 ◦C)
contributed to a decrease in heat capacity, as compared to the normalized and tem-
pered sample. This is due to the increase in carbide volume fraction. The martensitic
microstructure is found to possess the lowest room-temperature CP among different
microstructures.
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1 Introduction

A study on Cr–Mo based ferritic–martensitic steels is of interest and relevance on
both basic and applied grounds. It is well known that ferritic steels have seen exten-
sive applications in conventional as well as nuclear power plants [1–3]. With the
emerging impetus to improve the power generation efficiency in thermal power plants
and also due to the changing priorities in the area of nuclear fuel options in promot-
ing advanced liquid metal-cooled fast reactor concepts, there is a resurgent interest
in the development of advanced high-temperature ferritic steels with enhanced creep
resistance [4–6]. Added to this is the fact that certain special ferritic steels like the
reduced activation ferritic–martensitic (RAFM) steels containing tungsten and tanta-
lum in place of molybdenum and niobium are also under consideration for application
in fusion reactors [7]. On the basic front, the phase and microstructural changes that
take place in a ferritic steel during the course of long exposure to high-temperature
service conditions, constitute an interesting playground for understanding many a
basic issue related to alloy phase equilibria, diffusional phase transformations, and
transformation kinetics.

Although the physical metallurgy of standard Cr–Mo steels is replete with many
experimental and theoretical investigations on phase stability and microstructure evo-
lution during heat treatments [8–21], there seems to be a general paucity of exper-
imental data on various thermodynamic quantities [20]. It is clear that a consistent
thermodynamic data set is essential from the point of view of understanding as well
as predicting the long-term phase stability of alloys [10,16–18]. The microstructure
of ferritic steels being very sensitive to heat treatment [15,19], it is probable that
the thermodynamic quantities measured thereof may exhibit certain microstructural
dependence, in direct relation to the phase fractions of different microstructural con-
stituents present in the alloy. A preliminary survey of literature on this account has
revealed that the effect of different starting microstructures on the heat capacity of high
chromium steels, especially the enthalpy changes associated with phase transforma-
tions has not been investigated to date. In view of this fact, this study is oriented toward
characterizing the effect of typical ageing treatments on the heat capacity of a nuclear
grade 9Cr–1Mo steel. The heat capacity is measured using high-temperature differ-
ential scanning calorimetry (DSC) in the temperature interval from 473 K (200 ◦C) to
1,273 K (1,000 ◦C). The experimental details are given below.

2 Experimental Details

2.1 Ageing Treatments and General Characterization of Microstructure

The chemical composition (mass%) of the steel used in this study is as follows: 8.44Cr,
0.94Mo, 0.49Si, 0.46Mn, 0.17Ni, 0.11Cu, 0.1C, 0.008P, 0.011Al, 0.002S, 0.001V,
0.008N, and balance being Fe. The alloy has been supplied in plate form in normal-
ized and tempered (N&T) condition, which corresponds to austenitization at 1,323 K
(1,050 ◦C) for 15 min, followed by air cooling to room temperature. Subsequent tem-
pering is carried out at 1,053 K (780 ◦C) for 2 h, and the tempered sample is air cooled
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to room temperature. In this study, a set of samples is further subjected to the following
thermal ageing schedules:

(i) ageing at 823 K (550 ◦C) for 500 h,
(ii) ageing at 823 K (550 ◦C) for 5,000 h, and
(iii) ageing at 923 K (650 ◦C) for 500 h.

In order to study the thermal effects that accompany the tempering reaction of a fully
martensitic microstructure, a few samples are directly quenched at 1,323 K (1,050 ◦C)
to obtain fully martensitic microstructure. For basic metallography, X-ray diffrac-
tion and micro-hardness measurements, the samples were prepared in the standard
manner.

The optical micrographs of different samples are presented in Fig. 1 . The mar-
tensitic character of the quenched sample is immediately apparent from Fig. 1a. The
presence of numerous laths emanating from prior austenite boundaries is readily seen
from Fig. 1a. In Fig. 1b–d, which characterizes the N&T and aged samples, the pres-
ence of profuse, tiny carbide particles decorating the prior austenite grain boundaries,
and ferrite sub-grain boundaries is clearly seen. It may be noted that compared to
an 823 K (550 ◦C)/500 h aged sample (Fig. 1c), the 923 K (650 ◦C)/500 h ageing

(b)

(d) (e)

(a)

(f)

(g)

(c)

Fig. 1 Optical microstructures of 9Cr–1Mo steel in different heat-treated conditions: (a) quenched from
1,323 K (1,050 ◦C); martensitic microstructure, (b) normalized and tempered (N&T) microstructure, (c)
N&T + ageing at 823 K (550 ◦C) for 500 h, (d) N&T + ageing at 823 K (550 ◦C) for 5,000 h, (e) N&T +
ageing at 923 K (650 ◦C) for 500 h, (f) carbide precipitation in martensite: quenched from 898 K, and (g)
carbide precipitation in martensite: quenched from 973 K
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Fig. 2 Room temperature X-ray diffraction profiles of 9Cr–1Mo steel

treatment results in a slightly coarsened ferrite grain structure (Fig. 1e), however,
with no appreciable change in carbide particle density or its general morphology. On
the other hand, it is clearly seen that compared to N&T microstructure (Fig. 1b), the
longer durations (500 h to 5,000 h) of ageing at 823 K (550 ◦C) produces a better defi-
nition of the ferrite grain structure (compare Fig. 1c, d). For the case of plain 9Cr–1Mo
0.1C steels, it has already been established that prolonged thermal ageing in the tem-
perature range from 823 K to 923 K (550 ◦C to 650 ◦C) results in the precipitation of
(Cr, Fe)23C6 type carbide, the composition, size, and distribution of which are sensi-
tive to ageing time and temperature [9]. A higher ageing temperature and longer time
durations are conducive to realizing equilibrium and hence a higher volume fraction
of the carbide phase. On the contrary, ageing to very long durations such as 1,000 h
may mark the onset of carbide particle coarsening and a resulting change in their
morphology. It emerges therefore that the starting microstructure in the case of aged
samples is one of containing a relaxed ferrite matrix in which the carbide particles
are dispersed along grain and sub-grain boundaries, in addition to a few in the grain
interior.

The room-temperature X-ray diffraction profile, taken with the INEL� diffraction
system using Cu-Kα radiation, of various samples are collated in Fig. 2. Because
of the strong fluorescence background, the relatively weak reflections of the carbide
phase are not readily visible in the pattern. The average value of the lattice parame-
ter of the ferrite phase, after due correction by the Nelson–Riley procedure, is found
to be (0.287 ± 0.003) nm (Table 1). It may be mentioned that within the limits of
experimental uncertainty, the lattice parameter of the ferrite phase did not exhibit any
noticeable dependence on the microstructural character. The hardness values of dif-
ferent microstructures are measured using a Leitz micro-hardness tester, employing a
load of 50 g. The measured hardness and lattice parameter values for various samples
are listed in Table 1.
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2.2 CP Measurements Using DSC

The samples for DSC experiments were sliced from the heat-treated plate using a
diamond-coated wire saw. These were further cleaned and polished to regular and
nearly identical shapes of mass with a range of (50 to 100 ± 0.1) mg. The DSC exper-
iments were performed with a Setaram Setsys 16� heat-flux type high-temperature
differential scanning calorimeter, employing recrystallized alumina crucibles of about
100 µL volume. The description of the equipment and the calibration procedure has
been discussed in a previous publication [22]. Stated briefly, the experiments were
performed under a constant flow (50 mL · min−1) of high purity (99.999 %) argon.
A heating rate of 10 K · min−1 is employed. While lower heating rates resulted in mild
decarburization of the sample due to appreciable resident time at high temperatures,
very high heating rates are not normally recommended for specific-heat studies, espe-
cially due to the large thermal lag between the actual sample temperature and that
sensed by the noncontact probe. By calibrating the sample heat flow against the pure
iron reference signal, especially around the region of phase transformations, the tem-
perature lag in the case of ferritic steel for a heating rate of 10 K · min−1, is estimated
to be ≤2 K. The sample mass and shape have been kept nearly the same for both
the reference as well as steel sample in this case. Fresh samples were used for each
run, and multiple runs under identical conditions are performed for calibrating the
precision of the measured transformation temperature. The temperature calibration is
performed using recommended high pure melting point standards, namely, Sn, Al, Pb,
In, and Au. In addition, the measurement of the enthalpy of the α(bcc) → γ (fcc)
allotropic transformation in pure iron (Aldrich, impurities ≤80 ppm) under identical
experimental conditions is also employed for the heat flow calibration. The heat-flow
rate or specific-heat calibration is performed using literature data for the specific heat
of pure iron [23,24]. The measured transformation temperatures are accurate to ±2 K;
the transformation enthalpies are accurate to ±5 % at 10 K · min−1. Since in ferritic
steels, the microstructure resulting upon cooling from the austenite phase is sensitive
to the cooling rate, it is not advisable to use the cooling part of the DSC profile in an
analysis that focuses on studying the effect of various initial microstructures on the
temperature variation of heat capacity. Moreover, a reliable and reproducible temper-
ature and heat-flow calibration of a DSC for a cooling cycle mean a comparatively
difficult proposition. Accordingly, the enthalpy and the heat-flow calibration of the
signal were carried out only for the heating cycle in this study.

A typical heat-capacity measurement using DSC in the continuous heating mode
involves recording of at least three consecutive, non-stop experimental runs under iden-
tical heating, holding, and cooling schedules [25,26]. In this study, the experimental
schedule consisted of heating the system from room temperature to an initial temper-
ature of 473 K (200 ◦C) at a rate of 10 K · min−1 and holding at this temperature for
about 15 min. This is required for the attainment of thermal equilibrium of the system
before starting any measurement. This is followed by the actual programmed heating,
holding, and cooling schedules. In this study, the sample is heated at a steady rate of
10 K · min−1 to 1,273 K (1,000 ◦C), followed by an isothermal hold of about 15 min
at this temperature. Subsequently, the sample is cooled to 473 K at 10 K ·min−1 and is
allowed a resident time of 15 min at this temperature, before it is finally cooled again
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to room temperature. The three basic DSC runs that constitute a CP measurement are
[25,26]:

(i) the baseline run employing only identical empty crucibles on both sides of the
DSC plate,

(ii) the reference or calibration run with the sample crucible containing pure iron of
known mass, and

(iii) the sample run with a known mass of ferritic steel loaded onto the sample crucible.

It must be noted that all the three runs were performed under identical experimental
conditions. In this study, we augmented this scheme by performing one more addi-
tional baseline run at the end of the abovementioned three-run schedule. This was
done in order to ensure or assess the extent of the baseline reproducibility at the end of
each experimental schedule. A good agreement between the start and finish baselines
is suggestive of the stable thermal dynamics of the entire DSC module and the tem-
perature sensor. Moreover, it also implies that the sample side crucible remains fairly
uncontaminated during the course of the experiment.

The following formula, based on the method of ratios has been used to calculate
CP , from the three-run DSC data [26]:

CS
P = CR

P × (mR/mS) × {(µS − µb) / (µR − µb)}. (1)

In the above expression, CS
P and CR

P represent the specific heat of the sample and the
reference whose masses are given by mS and mR, respectively. µS is the microvolt
DSC signal obtained with the sample, µR is the corresponding signal obtained with
the reference or standard material, and µb is the baseline signal obtained with empty
crucibles.

3 Results

3.1 Principal Transformation Characteristics

In Fig. 3, a set of typical DSC profiles obtained during the heating cycle with the
steel sample, pure iron, and with empty crucibles (baseline) is presented. In order to
illustrate the role of starting microstructure on the nature of the DSC thermogram,
the profile of the normalized and tempered (N&T) sample is compared with that of
the nearly 100 % martensite microstructure. It is clear from Fig. 3, that in the tem-
perature range of interest, two well-resolved endothermic peaks characterize the DSC
profiles of pure iron and N&T steel samples. The first peak marked as TC, arises from
the ferromagnetic-to-paramagnetic transformation, while the second one is due to the
α-ferrite + carbides → γ -austenite phase change that occurs on crossing the Ac1
temperature. In the literature, it is conventional to represent the onset temperature of
the α-ferrite + carbide → γ -austenite transformation as Ac1 and the offset point as
Ac3. It is also noteworthy that in the case of a steel sample, the Curie point and the
onset ( Ac1), peak (Acp), and finish (Ac3) temperatures for the α → γ structural
transformations are lower than those of the corresponding values for pure iron. For
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Fig. 3 Typical DSC profiles of 9Cr–1Mo steel in N&T and martensitic conditions. Profile of iron is given
for reference

the case of martensite, an extra exothermic peak is observed at about 920 K (647 ◦C)
(see Fig. 3). This peak, corresponding to the precipitation of M23C6 type carbide from
virgin martensite [27], is, however, absent in the DSC profiles of tempered and aged
samples. This is because of the fact that the carbide precipitation had already been
realized to almost full measure in these samples during prior tempering and subsequent
long-ageing treatments [9]. The enthalpy change (�◦ H ) associated with the magnetic
transition, α → γ structural change, and M23C6 carbide precipitation reactions are
directly obtained from the DSC profile as the total or integrated area of the respective
peaks. The determination of the calibration factor (J · µV−1 · s−1) for converting the
peak area into appropriate enthalpy units is enabled from a knowledge of the known
value of the enthalpy associated with similar phase changes taking place in pure iron
and the corresponding peak area—all measured under identical experimental condi-
tions. It is reasonable to assume in the case of pure iron that for a heating rate of about
10 K · min−1, the α → γ allotropic transformation goes to near completion; but in
the case of high chromium steels, the presence of carbides and its sluggish dissolution
in austenite, results in an incomplete realization of the α → γ transformation at the
transformation off-set Ac3 temperature [21,28,29]. Because of this fact, there is a
mild underestimation of the true enthalpy change that is associated with austenite for-
mation reaction under equilibrium conditions. In Table 1, the α → γ transformation
onset (Ac1) and offset (Ac3) temperatures, and the associated transformation enthalpy
(�◦Htr) values measured in this study are listed.

In general, the Curie (TC) temperature turns out to be relatively insensitive to the
effects of ageing (Table 1). However, Ac1 and Ac3 values show slight microstruc-
ture sensitivity. In general terms, ageing serves to increase the austenite start (Ac1)

temperature. It is also instructive to note that in the case of martensite, the width of
the α → γ transformation zone as measured by the difference in the offset and onset
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points, that is Ac3 − Ac1, is the highest recorded in this study. This suggests that for
a given heating rate, the presence of considerable strain in the starting martensitic
microstructure serves to retard the overall kinetics of reaustenitization reaction upon
heating. Considering the scope of this study, the energetics and kinetic aspects of
tempering are not studied here.

The measured enthalpy change �◦ Htr associated with α-ferrite + M23C6 →
γ -austenite transformation in 9Cr–1Mo steel is slightly smaller than the correspond-
ing α → γ value for pure iron [23,24] (see Table 1); but as mentioned before, the
austenite formation seldom goes to 100 % completion at the Ac3 temperature; often
it takes a little superheating depending on composition and heating rate to get the
so-called homogeneous austenite [30].

3.2 Ageing Induced Changes in CP

In Fig. 4a–f, the measured CP data for the aged samples of 9Cr–1Mo steel are grouped
together. Although, the qualitative nature of the CP curve remains much the same for
all the samples other than the one that had martensite as the starting microstructure,
the specific points described below deserve special mention. Not withstanding the
maximum uncertainty of about ±5 % (this pertains to the temperature range from
850 K to 1,200 K; for lower temperatures, the average CP data are accurate to about
±(2 to 3) %) associated with the present heat-capacity data; the room temperature
CP of the normalized and tempered (N&T) sample (Fig. 4a) is distinctly higher than
that of the aged ones. In other words, ageing brings down the CP values. This is
due to the fact that long-time ageing serves to increase the volume fraction of the
carbide phase. Furthermore, among the aged samples, the 923 K (650 ◦C)/500 h aged
sample has higher heat capacity than the 823 K (550 ◦C)-aged one. An appeal to their
respective microstructures (Fig. 1) suggests that the 923 K (650 ◦C)-ageing treatment
has resulted in a refinement or coarsening of the ferrite grain size, besides a marginal
increase in carbide density. As mentioned before, the choice of a higher ageing temper-
ature, namely, 923 K (650 ◦C), results in the development of a more relaxed martensite
and hence a higher CP . In a similar vein, it can also be noticed that an increase of
ageing time from 500 h to 5,000 h at 823 K (550 ◦C) has served to decrease CP by a
small amount (compare the CP curves (b) and (c) in Fig. 4f). Thus, it may be inferred
in general terms that prolonged ageing, accompanied by a concomitant increase in
carbide volume fraction and a change in its composition induces a decrease in CP .

An attempt to quantify the carbide particle number density and its apparent morpho-
logical attributes from the secondary electron images by means of Image J software
revealed that compared to 500 h aged samples, 5,000 h ageing at 550 ◦C induced an
increase in particle density by 8 %. The apparent particle size (measured as half of the
major axis assuming an ellipsoidal shape) also showed an increase from 0.05 µm to
0.2 µm. An increase in the ageing temperature to 650 ◦C on the other hand, resulted
in an enhancement of the ferrite sub-grain size rather than the carbide particle density.
It should be noted that quantification of ferrite sub-grain sizes in a rigorous sense is
fraught with difficulty since a precise assignment of an image attribute was not possi-
ble in this case. Although this study’s results have no absolute meaning and are subject
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Fig. 4 Temperature variation of CP of 9Cr–1Mo steel in different heat-treated conditions: (a) N&T,
(b) 823 K/500 h aged, (c) 823 K/5,000 h, (d) 923 K/500, (e) martensite, and (f) overall scenario. CP of
pure iron is also presented for comparison (dotted line). The error bar indicated is typical of the study
measurements

to certain errors arising from setting the threshold values for certain image attributes,
we believe that a certain degree of sub-grain growth and refinement was noticed in
650 ◦C-aged samples and this is believed to be responsible for the observed change in
CP .

The heat capacity of martensite on the other hand, starts with a lower value, but
quickly rises upon approaching Tps, the M23C6 precipitation start temperature (see
Fig. 4f). At Tps, the carbide precipitation causes a drop in the specific heat, and on
reaching Tpf, the apparent precipitation finish temperature, CP increases once again to
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Fig. 5 Comparison of the
temperature variation of CP of
martensite with that of the aged
sample in the intermediate
temperature range

catch up with the 923 K (650 ◦C -aged sample). In order to assess the nature of micro-
structure that existed just around the carbide precipitation temperature, a martensite
sample was heated at the rate of 10 K · min−1 to 898 K (625 ◦C in DSC, kept at this
temperature for 1 s, and then fast-cooled to room temperature at 99 K ·min−1. It must
be mentioned that the carbide precipitation start temperature (Tps) is about 881 K, and
therefore it is clear that at 898 K, the carbide precipitation would have just begun.
It is presumed that the fairly high cooling rate employed is adequate to preserve the
nascent microstructure that existed at 898 K. In a similar fashion, another martensite
sample was heated to 973 K, a temperature slightly ahead of the carbide precipitation
finish temperature (Tpf = 947 K ), and is rapidly cooled at 99 K · min−1 to room tem-
perature. The optical micrographs of these two quenched-in samples are illustrated in
Fig. 1f, g, respectively. The difference between these two microstructures is indeed
striking. While the sample quenched from 898 K is somewhat featureless and revealed
barely any sign of precipitation, the sample quenched from 973 K contained copious
amount of carbides. However, the ferrite matrix grain structure has not been very well
refined yet.

As for as martensite samples are concerned, we have also performed one additional
CP measurement in the 100 ◦C to 500 ◦C temperature interval, especially to see, if any
appreciable heat effects are involved in the process of martensite relaxation just prior
to the onset of tempering. The results of this study are illustrated in Fig. 5. As may be
seen, the CP of virgin martensite is lower than that of the aged sample, but this dif-
ference is quickly diminishing with increasing temperature. This observation implies
that, upon the onset of thermally assisted relaxation of martensitic microstructure
involving the relief of lattice strain and rearrangement of dislocation substructure, the
heat capacity variation of martensite becomes very similar to that of the aged sample.

3.3 Analytical Representation of CP Versus Temperature Data

Since, as is evident from Fig. 4, the temperature variation of CP is highly complex in
the investigated range of temperature, namely, 473 K to 1,273 K, it is not possible to fit
analytically the entire CP (T) data in terms of a single, simple expression. In view of
this, it was decided to obtain piece-wise numerical representation in three discrete tem-
perature intervals using the following functional form suggested by Kempen et al. [31]:
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CP (T ) = A + BT + CT 2 + DT −2 + E exp
(
FT ∗) (

T ∗)G
. (2)

where

T ∗ = (T − TR)/TR, (3)

and TR = TC in the first temperature interval 473 K ≤ T ≤ TC covering the ferro-
magnetic α-ferrite + carbide two-phase regime. For temperatures higher than TC but
less than Ac1, that is, TC ≤ T ≤ Ac1, another fit is attempted, with the definition of
T* maintained as given in Eq. 3. In the third temperature interval corresponding to
Ac1 ≤ T ≤ Ac3, a third fit has been effected, keeping the definition of T* as given by

T ∗ = (T − Acp)/Acp. (4)

For martensite, a four-zone fit is attempted due to the additional carbide precipitation
occurring at 923 K (650 ◦C). In Table 2, the values for different coefficients figuring
in Eq. 2 for each sample are presented. The values of TC and Acp used in the fitting
procedure are listed in Table 1. In Fig. 4a–f, the fitted CP values are compared with the
measured ones. It is clear from this figure that Eq. 2 fits the data rather well. However,
it must be added that in the transformation temperature domain, the goodness of the fit
is very sensitive to the values of coefficients and it is for this reason that these values
are listed to four significant digits in Table 2.

4 Discussion

Although there have been many instances of application of thermal analysis methods
for the study of tempering kinetics and phase transformation energetics in steels and
in other iron-based alloys [32–39], there are not many studies devoted to incorporat-
ing the effect of microstructural changes on the thermodynamic properties of ferritic
steels. Krielaart et al. [33], for example, have used DSC to study the enthalpy effects
associated with the γ → pearlite, and γ → α-ferrite + pearlite transformations during
cooling of low-carbon eutectoid and hypo-eutectoid steels from single-phase austenite.
Mittemeijer and co-workers [34,35] have extensively studied in the past the kinetics of
tempering reactions in Fe–C and Fe–N martensites using DTA. Besides, they [36–38]
have also used DTA along with precision dilatometry to investigate certain basic issues
related to the mechanism of austenite decomposition upon cooling in dilute substitu-
tional iron-based alloys. Recently, Rajic and co-workers [32] have conducted DTA and
dilatometry measurements on the tempering behaviour of quenched and hot-rolled,
low-alloy, low-carbon steels. Quite similar to the findings of this study, an exothermic
peak around 893 K has been observed in their DTA profile of a martensite sample.
Furthermore, Nath et al. [39] have used DTA in their study of the thermal stability
of austenite in a manganese-containing low-alloy, low-carbon steel. Not withstanding
such extensive literature on the application of thermal analysis and related tools to
study phase transformations in steels, there seems to be a paucity of information with
regard to the measurement of thermodynamic properties of Cr–Mo steels, especially
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under different microstructural conditions. Therefore, it is somewhat difficult to carry
out a comparison of the results of this study with similar ones in the literature.

However, as can be inferred from the results of this study, thermal ageing produces
small, but distinct changes in the overall heat capacity versus temperature behavior of
9Cr–1Mo steel. In general terms, the observed behavior is in-line with the expected
microstructural changes that take place in these materials upon continuous ageing.
Thus, taking the case of martensite for an example, the initial response is one of
relaxation of a highly dislocated and hard lath martensitic microstructure resulting in
the gradual development of a strain-free ferrite matrix characterized by the develop-
ment of low-energy grain and sub-grain structures. This is a continuous process and is
characterized by a relatively broad exothermic smearing of the DSC profile. No sharp
peak as is characteristic of a precipitation reaction will be evident for initial martensite
relaxation (Fig. 5). This is followed by carbide precipitation at higher temperatures.
Phase stability calculations as well as experimental results on long-term aged samples
in generic 9Cr–1Mo steels reveal that its is mostly the M23C6-type carbide that comes
out under equilibrium conditions at about 650 ◦C upon heating and the corresponding
equilibrium fraction of the carbide precipitate is rather small [18]; thus, the net CP

of a low-carbon tempered martensitic–ferritic steel is derived predominantly from the
matrix ferrite phase only. Nevertheless, the presence of carbides and their morphology
do play a significant role in deciding the kinetics of austenite formation and hence in
determining the rate of CP change, especially around the phase transformation region.

The carbide precipitation, being a diffusion-controlled process, is somewhat slug-
gish at low temperatures and requires about 650 ◦C to get initiated. The rate of heat-
ing plays a crucial role in the complete realization of the carbide formation and its
subsequent dissolution at high temperatures, that is, upon reaching Ac3. The slower
the rate of heating, the better are the chances for the system to simulate the equilibrium
transformation behavior. In this sense, the prolonged isothermal ageing at 823 K or
923 K, temperatures which are lower than Ac1, does indeed help in establishing the
equilibrium volume fraction of the minor carbide phases, with, of course, the equilib-
rium composition. This probably is the reason for the comparatively lower values of
CP recorded for 823 K/5,000 h aged samples, because in this case the carbide particle
density should have attained the maximum possible value.

Another noteworthy outcome of this study is the estimation of the enthalpy of car-
bide precipitation from the martensitic microstructure. A preliminary literature search
on 9Cr–1Mo steel has not yielded any precise information on this quantity. In this
study, a value of about 5.6 J ·g−1, which roughly translates into 302 J ·mol−1 has been
obtained; but as mentioned before, it is instructive to study this precipitation phenome-
non at lower rates of heating to ensure the near attainment of equilibrium precipitation
behavior. This point is currently under investigation. The enthalpy change associated
with the α → γ transformation in aged samples is slightly less than the corresponding
value recorded for pure iron, and this is certainly due to the presence of the carbide
phase that serves to retard the kinetics of the α → γ structural change [28]. In the
case of the martensite, the carbide volume fraction formed during continuous heating
being relatively less, the α → γ structure change is facilitated to a little more extent
with the concomitant effect of recording a slightly higher value for enthalpy change
(Table 1).
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5 Conclusions

(i) The data on the temperature variation of specific heat have been generated for
differently aged samples of 9Cr–1Mo steel. It is found that ageing brings about
subtle modifications to the heat capacity values, especially in its temperature
variation around the magnetic and α-ferrite + carbide → γ austenite phase
transformation regime.

(ii) The transformation temperatures are only mildly sensitive to ageing-induced
changes in the microstructure; however, the associated transformation enthalpies
are more reflective of the role of the microstructure.

(iii) Prolonged ageing in the range of 823 K to 923 K (550 ◦C to 650 ◦C) results in a
reduction of the heat capacity due to the presence of carbides.

(iv) The isochronal ageing of martensite is confirmed by an exothermic carbide pre-
cipitation event at 923 K (650 ◦C). This is attributed to the onset of M23C6 carbide
precipitation from martensitic microstructure.
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