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Abstract

Tempering of a martensitic 100Cr6 (AISI52100) bearing steel during isothermal treatments is studied using thermoelectric power,
transmission electron microscopy (TEM), X-ray diffraction and dimensional analysis. Dimensional changes occurring during tempering
are due to: (i) the precipitation of e-carbides, (ii) the decomposition of retained austenite, (iii) the precipitation of cementite and (iv) the
recovery of the dislocation structure and coarsening of martensite lathes. Analysis of thermoelectric power evolutions, measured during
isothermal ageing treatments, and assisted by TEM characterization, leads to a quantitative estimation of austenite and precipitate vol-
ume fraction. These data are used to predict dimensional changes, and these are in very good agreement with dimensional measurements.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

To bear the thermomechanical loading that they encoun-
ter in service, bearing parts are designed around two main
properties: good fatigue resistance (obtained by a good steel
cleanliness and a high hardness) and good dimensional
stability.

These requirements can be met by the use of a martens-
itic 100Cr6 or AISI52100 steel (chromium-rich steel with
1% carbon), subjected to an appropriate heat treatment
(austenizing, quenching and tempering). Unfortunately,
high hardness and good dimensional stability are achieved
by varying tempering conditions in opposite ways.
Depending on each application, a compromise has to be
reached. It is then essential to take into account the dimen-
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sional changes that bearing parts might undergo in service
in order to adapt the clearance accordingly.

The tempering of martensitic steels, and associated
dimensional changes, have been extensively studied over
the past 50 years (see the textbook of Porter and Easterling
[1] or the review papers of Speich and Taylor [2] and Taylor
and Cohen [3]). However, if tempering of martensites has
been studied in detail for many alloys, not much has been
published concerning the bearing steel 100Cr6. Different
stages connected with specific microstructural evolution
have been identified depending on time and/or tempering
temperature:

� Segregation ðT < 100 �CÞ: carbon atoms migrate to dis-
locations. Up to 0.2 wt.%C can be involved in such
atmospheres.
� First stage ð100 �C < T < 200 �CÞ: precipitation of e-

carbides [4] (semi-coherent hexagonal precipitates with
Jack’s orientation relationships [5]).
rights reserved.
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� Second stage ð200 �C < T < 300 �CÞ: decomposition of
retained austenite to form cementite (also named h in
the following) and ferrite.
� Third stage ð200 �C < T < 350 �CÞ: precipitation of

cementite ðFe3CÞ to the detriment of existing e-carbides.
� Fourth stage ð400 �C < T < 600 �CÞ: recovery, martens-

ite lathe coarsening and recrystallization.

To investigate the microstructure evolution occurring
during the tempering of martensite, both local and global
experimental techniques have been previously used. At
the local scale, electron microscopy (and all its related tech-
niques) identified the nature and structure of carbides [6].
At the global scale, internal friction [7], resistivity [8] and
dimensional and thermal analysis [9,10] provided insight
into microstructural evolution during heating ramps and/
or isothermal ageing treatments. However, due to their
small volume fraction, carbides have only a limited effect,
hardly measurable at the global scale (e.g. with dimen-
sional and thermal analysis). It is therefore interesting to
use alternative techniques which can provide new insights
into this subject.

The measurement of thermoelectric power (TEP) could
be one such technique. The high sensitivity of TEP to crys-
tal defects such as dislocations and solute atoms provides a
powerful experimental tool for characterizing the kinetics
of structural transformations taking place in various alloys.
TEP has been successfully used to measure the carbon [11],
copper [12] and nitrogen [13] content of steels, to character-
ize the interaction between interstitial and substitutional
atoms in low alloyed steels [14] and to study the ageing
of ultra-low carbon alloys [15]. TEP has also been used
to characterize the precipitation sequence (e-carbides and
cementite) occurring in ferrite [16,17]. However, except
for the pioneering work of Tkalcec [18], where only quali-
tative conclusions were drawn, TEP has never been used to
characterize microstructural evolution occurring during the
tempering of martensite.

In this paper, we propose a method for analyzing quan-
titatively TEP evolutions, in order to obtain information
on the volume fractions and carbon contents of the phases.
Table 1
Chemical composition in wt.% of the 100Cr6 bearing steel.

C Mn Si Cr Ni

0.998 0.281 0.248 1.381 0.121

Mo Cu Al S P

0.032 0.157 0.031 0.009 0.008

Table 2
Thermal treatments performed on the 100Cr6 steel before the ageing processe

State Austenizing Quenching Ri

H 850 �C/15 min Oil quench 60
HF 850 �C/15 min Oil quench 60
In a second step, these microstructural data will serve as
input parameters for a simple dimensional change model.
The predicted dimensional changes will finally be com-
pared to experimental measurements, in order to validate
the overall approach.

2. Materials and treatments

The composition of the 100Cr6 steel is given in Table 1.
All samples have been austenitized for 15 min at 850 �C,

quenched in an oil bath and hold in hot water (60 �C) for
5 min. The resulting state will be called H in the following.
From state H, some samples were held for 1 h at �80 �C to
reduce the amount of retained austenite. The resulting state
will be called HF in the following (see Table 2).

X-ray diffraction analysis has been used to measure the
amount of retained austenite in H and HF states (see Sec-
tion 3), leading to: f 0

cRH
¼ ð10:3� 1:5Þ vol.% and f 0

cRHF
¼

ð4:7� 0:7Þ vol.%, as shown in Table 2.
Then, isothermal ageing at temperatures ranging from

110 to 505 �C have been performed in oil and salt baths
for times ranging from 1 min to 1500 h.

In the following, thermal treatments (austenitizing,
quenching, rinsing, eventual cold quenching and ageing)
will be named by a letter (H or HF) followed by a number
(ageing temperature in Celsius). For example, H110 stands
for state H followed by ageing at 110 �C.

It is important to note that at state H, all the carbon
(� 1 wt:%) does not remain in solid solution (in martens-
ite). A relatively large amount of carbon is (i) segregated
to dislocations (concentration hereafter noted ½C�D) and
(ii) incorporated into large carbides that do not dissolve
during austenitization, hereafter named undissolved
carbides.

3. Experimental techniques

3.1. Isothermal dimensional analysis

Isothermal dimensional changes of 100Cr6 steel are
investigated using the cumulative time technique (see
Fig. 1a). The sample is placed in an oil or salt bath for
1 min, then water quenched. Dimensional measurements
are then performed and the sample is placed again in the
oil or salt bath for an additional 1 min (total cumulative
time: 2 min). This operation is repeated as many times as
necessary.

Dimensional measurements are performed using specific
cylindrical samples (50 mm long, 6 mm diameter) placed on
a V-shaped holder between two cursors (one mobile and
s.

nsing Cold quenching Retained austenite

�C/5 min — ð10:3� 1:5Þ vol.%
�C/5 min �80 �C/1 h ð4:7� 0:7Þ vol.%



Fig. 1. Principle of (a) cumulative time measurements (dimensional and TEP) and (b) the TEP measurement (extracted from Ref. [19]).
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one immobile) connected to an inductive displacement sen-
sor (accuracy: 1 lm). The sample is held at a constant tem-
perature of 20 �C for 1 h before measurements are
performed in a controlled atmosphere. The dimension is
the average of three measures, hence giving a total relative
uncertainty of 0.002%.

3.2. Thermoelectric power

The principle of TEP measurements [20] is to establish a
temperature gradient ðDT Þ between the junctions of the
studied alloy with two blocks of pure metal (here, pure cop-
per) and to measure the voltage ðDV Þ induced by the See-
beck effect between the two junctions (see Fig. 1b). For
the apparatus used in this work, the temperatures of the
blocks are T and T þ DT with T ¼ 288 K and DT ¼ 10 K
and the relative TEP (noted S) of the alloy with respect
to the TEP of pure copper is given at room temperature
in nV K�1. This relative TEP is defined as follows:

S ¼ S� � S�Cu ¼
DV
DT

ð1Þ

where S� is the TEP of the alloy and S�Cu is that of pure
copper. The value of S� is affected by the defects present
in the lattice of the iron matrix and can be considered as
being the sum of various contributions: S� ¼ S�0 þ SSSþ
SR, where S�0 is the absolute TEP of pure iron, SSS and
SR are the TEP variations due to elements in solid solu-
tion (SS) and lattice defects (dislocations, stress, inter-
faces, etc.), respectively.

In the following, TEP is given in terms of evolution with
respect to the initial state: DS ¼ St � S0. Note that TEP
measurements are performed using the same cumulative
time technique as dimensional measurements. TEP samples
are parallelepiped in shape ðð1	 5	 50Þ mm3Þ. The total
uncertainties on TEP measurements have been estimated
to be 0:1 lV K�1.

3.3. Transmission electron microscopy

To complement global analysis techniques such as dila-
tometry and TEP, a local characterization technique is
essential to identify the precipitates. Transmission electron
microscopy (TEM) is very well suited to this as the
precipitates are nanometer sized. Thin foils were prepared
by electrolytic polishing with a solution composed of 7%
percloric acid, 46.5% methanol and 46.5% ethylene glycol
monobutyl ether (2-butoxyethanol), used at �15 �C.

The transmission electron microscope used was a JEOL
200CX operating at 200 kV. Precipitates were examined
using conventional imaging techniques and selected-area
diffraction techniques.
3.4. X-ray diffraction analysis

In order to measure the amount of retained austenite, X-
ray diffraction technique involving molybdenum Ka1

and
Ka2

sources has been used. The volume fraction of retained
austenite is obtained by measuring the area of the 200, 220
and 310 peaks of ferrite and the 200, 220 and 311 peaks of
austenite.
4. Microstructural characterization

After austenitizing, quenching and rinsing at 60 �C, it is
likely that the segregation is complete, leading to the fol-
lowing initial state:

(i) martensite with carbon mass fraction ½C�0SS in solid
solution and ½C�0D segregated to dislocations,

(ii) retained austenite (volume fraction f 0
cR

and carbon
molar concentration X C

cR
), and

(iii) undissolved carbides.

The aim of this section is to characterize both the initial
state (H and HF) and the microstructural evolution occur-
ring during tempering, in terms of carbon mass fraction
involved in: (i) martensite, (ii) dislocations, (iii) e-carbides
and (iv) h-carbides and the volume fraction of retained aus-
tenite. These carbon mass fractions will then serve as input
parameters in the next section dedicated to the prediction
of dimensional changes during tempering.
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4.1. Identification of tempering stages from TEP evolution

Isothermal ageing treatments (tempering) of 100Cr6
samples from state H and HF have been performed at var-
ious temperatures. Fig. 2 shows the change in TEP, DS, as
a function of the ageing time. From these evolutions, three
different stages can be observed:

� Stage A: a sigmoidal-shaped evolution at low ageing
temperatures (e.g. 100 min at 110 �C) for which the
TEP curves from the H and HF states coincide.
� Stage B: another sigmoidal-shaped evolution for higher

temperatures (e.g. 20 min at 240 �C), for which the TEP
of the sample from the H and HF state are no longer
similar.
Fig. 2. Tempering of 100Cr6 martensite characterized by TEP. A two-step
sigmoidal evolution (labelled A and B) combined with a broader one
(labelled C) are observed. Labels r and s stand for states H + 4 h at
140 �C and H + 2 h at 240 �C, for which TEM analysis has been
performed (see Fig. 3). Uncertainties correspond to the symbol size.

Fig. 3. r State H + 4 h at 140 �C. Dark-field micrograph of �-carbides corresp
pattern shows the a0-Fe matrix near the [111] orientation (dashed hexagon) an
Bright-field image of cementite. The diffraction pattern shows the a0-Fe matrix
orthorhombic cementite (see Ref. [21] for more details).
� Stage C: a fairly broad evolution, for the highest inves-
tigated ageing temperatures.

To investigate the origin of the first step (stage A), TEM
has been performed after H + 4 h at 140 �C (Fig. 3-r).
Analysis of the diffraction pattern led to the positive iden-
tification of e-carbide: a hexagonal structure with six iron
atoms per cell ðae ¼ 0:4767 nm and ce ¼ 0:4354 nmÞ, space
group P6322 and cell volume Xe ¼ 0:0857 nm3 as reported
by Hirotsu and Nagakura [22]. This carbide is a superstruc-
ture of ‘‘classical” e-carbide (space group P63/mmc,
JCPDS#36-1249). This stage is then assumed to be related
to the precipitation of e-carbide (first stage of tempering,
see Section 1).

As far as the second step (stage B) is concerned, TEM
analysis has been performed after H + 2 h at 240 �C
(Fig. 3-s). Analysis of the diffraction pattern led to the
positive identification of cementite (JCPDS#85-1317 [23]):
orthorhombic structure with 12 iron atoms per cell ðah ¼
0:50890 nm; ah ¼ 0:67433 nm and ch ¼ 0:45235 nmÞ, space
group Pnma and cell volume Xh ¼ 0:0236 nm3 as reported
by Bagaryatskii [24]. Note that no retained austenite has
been observed in the TEM after 2 h at 240 �C. Moreover,
if the TEP evolution of H240 and HF240 are compared
(see Fig. 2), taking into account that the main difference
between both states is the initial amount of retained austen-
ite, it can be concluded that this second step is also due to
the decomposition of retained austenite. Stage B is then
assumed to be related to both the decomposition of
retained austenite and the precipitation of cementite (sec-
ond and third stages of tempering, see Section 1). The same
interpretations are also given in the work of Tkalcec
[25], except that no retained austenite remained in their
steel.

Finally, the evolution of TEP for high temperature and/
or long ageing times (stage C) is assumed to be connected
to the recovery of the dislocation structure and the coarsen-
ing of martensite lathes according to Porter and Easterling
onding the the bold circled spot of the diffraction pattern. The diffraction
d additional spots due to hexagonal e-carbide. s State H + 2 h at 240 �C.
near the ½112� orientation (dashed rectangle) and additional spots due to



Fig. 4. TEP evolution during ageing at various temperatures ranging from
110 to 505 �C starting from state H (see Section 2) as a function of the
‘‘equivalent time at 110 �C”. Raw data shown in Fig. 2 have been shifted
using a time–temperature equivalence (Arrhenius law) with an activation
energy of 120 kJ mol�1 for H140, H170, H200 and H240 treatments and
190 kJ mol�1 for H330, H505 treatments.
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[1] and Speich and Taylor [2] (fourth stage of tempering,
see Section 1).

4.2. Temperature–time equivalence

From the evolutions of TEP during ageing treatments
(Fig. 2), it seems that changing the temperature shifts the
timescale of the microstructural evolution associated with
TEP variations. Therefore, a temperature–time equivalence
has been performed, according to an Arrhenius law (activa-
tion enervy Q), to find the ‘‘equivalent time at 110 �C”1 for
all ageing treatments performed at temperature T:

t110 ¼ tT exp �Q
R

1

T
� 1

T 110

� �� �
ð2Þ

Considering the wide range of investigated ageing tem-
peratures (110–505 �C), microstructural evolution taking
place within the sample would certainly involve more than
a single mechanism (see Section 1), and therefore more
than a single activation energy. Indeed, stages 1–3 may
involve the diffusion of carbon, whereas stage 4 may
involve the recovery of the dislocation structure.

Therefore, two different activation energies have been
applied: (i) Ql ¼ 120 kJ mol�1 for ‘‘low”-temperature age-
ing treatments (H110, H140, H170, H200 and H240) and
(ii) Qh ¼ 190 kJ mol�1 for ‘‘high”-temperature ageing treat-
ments (H350 and H505). These values correspond to the
best fit shown in Fig. 4, leading to a unique TEP curve
for the whole range of investigated ageing temperatures.
1 The reference temperature has been arbitrarily chosen to be 110 �C, as
it is the lowest investigated ageing temperature.
The ‘‘low”-temperature activation energy Ql ¼ 120
kJ mol�1 appears to be close to that for carbide precipita-
tion in martensite (a range of 100–150 kJ mol�1 has often
been reported in the literature [2]). Although this is well
above the activation energy for carbon diffusion in ferrite,
it has been suggested before that alloying elements, such as
Cr, strongly increase the activation energy for the diffusion
of carbon (Adda reported an activation energy of
140 kJ mol�1 for a 0.92% Cr steel [26]).

The ‘‘high”-temperature activation energy Qh ¼
190 kJ mol�1 is close to that for recovery in a-iron [27].
It is indeed in between the activation energy for dislocation
core diffusion in a-iron (Qdcd ¼ 174 kJ mol�1 [28]) and
lattice self-diffusion in a-iron (Qlsd ¼ 251 kJ mol�1 [28]).

It is worth noting that the temperature–time equivalence
is valid only if diffusion controls the kinetics of precipita-
tion, which we believe is the case in the present study. If
the limiting factor was the driving force for precipitation,
a more realistic precipitation model based on classical nucle-
ation and growth theories [29,30] would need to be used.
4.3. Hypotheses and scenario

In order to analyse the contributions of (i) martensite
carbon content, (ii) retained austenite and (iii) martensite
structure on TEP, the following hypotheses are made:

� Retained austenite decomposition and cementite precip-
itation are two simultaneous processes (in agreement
with experimental observation—see above).
� Carbon is more stable while segregated to dislocations

than it is in e-carbides. However, it is even more stable
within cementite, as suggested by Butler [4].
� Dislocations get saturated with ½C�0D mass fraction car-

bon [8].
� The amount of carbon involved in undissolved carbides

is constant for the whole temperature and time range:
undissolved carbides can only be dissolved at much
higher temperatures [2]. They will therefore be disre-
garded in the present scenario.
These hypotheses lead to the following scenario (see the
schematic representation in Fig. 5): (i) e-carbides precipi-
tate first from the excess carbon of the martensite; then,
(ii) cementite precipitates are formed from e-carbides, car-
bon segregated in dislocations, and carbon in solution
within martensite; (iii) (simultaneously with (ii)) retained
austenite is decomposed into cementite and ferrite and
(iv) finally, recovery of the dislocation structure and coars-
ening of martensite lathes occur.

At time t ¼ 0, the 100Cr6 steel is then composed of: aus-
tenite (vol. frac. f 0

cR
) and martensite (vol. frac. 1� f 0

cR
).

During ageing, the steel is composed of: austenite (vol.
frac. fcR

), martensite (+ e-carbide and cementite) (vol. frac.
1� f 0

cR
) and ferrite (+ cementite), resulting from the

decomposition of retained austenite (vol. frac. f 0
cR
� fcR

)
(see Fig. 5).



Fig. 5. Schematic representation of the different phases of the 100Cr6 steel before (left) and during (right) tempering. Arrows represent the volume fraction
of each phase. At t ¼ 0, the steel is composed of austenite and martensite. During tempering, the steel is composed of austenite, martensite (+ e-carbide
and cementite) and ferrite (+ cementite), resulting from the decomposition of retained austenite.
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4.4. Quantitative analysis of TEP evolution

4.4.1. TEP of a composite material

The TEP of a composite material can be accurately
described by a simple law of mixture if the electrical con-
ductivity of the different phases is of the same order [31].
In our case, the TEP of the sample St at ageing time t, is
then given by:

St ¼ fcR
ScR
þ 1� f 0

cR

� �
St

a0 þ ðf 0
cR
� fcR

ÞSa ð3Þ

ScR
; Sa0 and Sa are the intrinsic TEP of retained austenite,

martensite and ferrite, respectively. Note that the carbides
are present in such low volume fraction that their effect on
TEP can be disregarded. At time t ¼ 0; f cR

¼ f 0
cR

, leading
to the initial value of the TEP S0:

S0 ¼ f 0
cR

ScR
þ 1� f 0

cR

� �
S0

a0 ð4Þ

By writing KcR
¼ Sa � ScR

, the TEP evolution DS ¼ St � S0

is then given by:

DS ¼ f 0
cR
� fcR

� �
KcR
þ 1� f 0

cR

� �
DSa0 ð5Þ

Taking into account that the carbon segregated to disloca-
tions has no effect on TEP [11], DSa0 is supposed to have
only two contributions: the variation of the carbon in solid
solution DSSS and the recovery DSR : DSa0 ¼ DSSS þ DSR,
leading finally to:

DS ¼ f 0
cR
� fcR

� �
KcR
þ 1� f 0

cR

� �
ðDSSS þ DSRÞ ð6Þ

In what follows, the different terms of the preceding equa-
tion will be estimated and related to microstructural evolu-
tion taking place during tempering.
2 Cementite is not, strictly speaking, the stable phase (graphite is the
stable phase of carbon). However, cementite is called here ‘‘stable” as it is
much more stable than e-carbides.
4.4.2. Contributions to TEP evolutions

Carbides precipitation: Although having no direct effect
on TEP (due to their small volume fraction) carbides do
influence the carbon content of martensite: precipitates
take their carbon atoms from martensite.
Both stable2 ðFe3C—named h in the following) and
metastable (e-carbides) phase precipitation kinetics can be
described using the empirical approach of Johnson–Mehl
[32]–Avrami [33]–Kolmogorov [34] (JMAK), that gives
the transformed fraction Y as a function of time t with
two parameters k and n that describe the kinetics of the
reaction.

Y ðtÞ ¼ 1� exp½�ðk 
 tÞn� ð7Þ
Taking into consideration that precipitation of cementite
will destabilize e-carbides, we get:

Y hðtÞ ¼ 1� exp½�ðkh 
 tÞnh � ð8Þ
Y eðtÞ ¼ 1� exp½�ðke 
 tÞne � � Y hðtÞ ð9Þ

Where subscripts h and e stand for stable and metastable
carbides, respectively. The mass fraction of carbon that is
lost from the martensite to the stable and metastable pre-
cipitates is given by:

½C�a0!e ¼ ½C�0SS � ½C�
eq
a0e

� �
Y eðtÞ ð10Þ

½C�a0!h ¼ ½C�0SS � ½C�
eq
a0h

� �
Y hðtÞ ð11Þ

where ½C�0SS is the initial carbon content of the martensite,
½C�eq

a0e and ½C�eq
a0h are the solubility limits of carbon in equilib-

rium with e and h, respectively.
Cementite can also precipitate from the carbon segre-

gated on the dislocations (initial mass fraction ½C�0D).
Indeed, the segregated carbon atoms do not take part in
e-carbide precipitation, but take part in cementite precipi-
tation [8], as they are more stable. The carbon mass frac-
tion involved in cementite and coming from dislocations
is then:

½C�D!h ¼ ½C�
0
DY hðtÞ ð12Þ

Martensite carbon depletion: The contribution of carbon in
solid solution to the TEP of pure iron is given by the Gor-



Fig. 6. Comparison between experimental TEP measurements (points)
and empirical approach based on JMAK formalism (lines) for the H
treatments: master curve at 110 �C. TEP variations DS (Eq. (22)) are
supposed to depend on: e-carbide precipitation (e), cementite precipitation
ðhÞ, retained austenite decomposition ðcRÞ and recovery ðRÞ. Experimental
measurements have been shifted according to the activation energies
discussed in Section 4.2.
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ter–Nordheim law [35]. For low carbon concentration in
solid solution ½C�SS (typically lower than a few wt.%), the
variation in TEP DSSS ¼ St

SS � S0
SS is given by:

DSSS ¼ KC ½C�SS � ½C�
0
SS

� �
ð13Þ

where KC is the influence coefficient of carbon on TEP of
100Cr6 martensite. The Gorter–Nordheim relation links
KC with the influence coefficient of carbon on TEP of pure
iron K Fe

C :

KC ¼
qFe

q0a
KFe

C ð14Þ

where qFe and qa0 are the resistivity of pure iron and mar-
tensite, respectively. As a rough approximation, the aver-
age value of the resistivity of 100Cr6 alloy has been used
to estimate KC : qa0 ¼ 3:0	 10�7 X m. Then, from (i) the
resistivity of pure iron ðqFe ¼ 1	 10�7 X mÞ [36,16] and
(ii) the influence coefficient of carbon on the TEP of pure
iron ðKFe

C ¼ �45 lV ðK wt:%Þ�1Þ [16], the influence coeffi-
cient of carbon in solid solution in the 100Cr6 has been
estimated: KC ¼ �15 lV ðK wt:%Þ�1.

The amount of carbon remaining in solid solution in
martensite is its initial value ð½C�0SSÞ subtracted from the
amount of carbon involved in e (Eq. (10)) and cementite
(Eq. (11)):

½C�SS ¼ ½C�
0
SS � ½C�a0!e � ½C�a0!h ð15Þ

Retained austenite decomposition: To determine the coeffi-
cient KcR

, let us consider the TEP of H and HF samples
for a long ageing time t� (when no residual austenite re-
mains, e.g. after 2 h at 240 �C, as verified by TEM and
X-ray diffraction):

DSt�

H ¼ f 0
cRH

KcR
þ 1� f 0

cRH

� �
DSa0 ð16Þ

DSt�

HF ¼ f 0
cRHF

KcR
þ 1� f 0

cRHF

� �
DSa0 ð17Þ

Combining the two preceding equations leads to:

KcR
¼

DSt�

H 1� f 0
cRHF

� �
� DSt�

HF 1� f 0
cRH

� �
f 0
cRH
� f 0

cRHF

ð18Þ

Comparing TEP values of states H and HF at ageing time
t� leads to KcR

¼ 75 nV K�1 %c�1
R .

As suggested by the experimental results, we assume
that the retained austenite decomposes simultaneously with
cementite precipitation. The retained austenite fraction fcR

is then given by:

fcR
¼ ð1� Y hðtÞÞf 0

cR
ð19Þ

Recovery: As mentioned in the previous section, recovery
of the dislocation structure and lath coarsening do influ-
ence the TEP. To the authors’ knowledge, this influence
is not well documented. The simple following form has
thus been chosen:

DSR ¼ KRY RðtÞ ð20Þ
where Y RðtÞ is given by a JMAK-type equation:

Y RðtÞ ¼ 1� exp½�ðkR 
 tÞnR � ð21Þ
4.4.3. TEP master curve at 110 �C

To model the total TEP master curve at 110 �C shown in
Fig. 4, the contribution of carbon solute atom (Eqs. (13)
and (15)) and recovery (Eq. (20)) have been used, trans-
forming Eq. (6) into:

DS ¼ 1� f 0
cR

� �
½�KCð½C�a0!e þ ½C�a0!hÞ þ KRY RðtÞ�

þ KcR
f 0
cR

Y hðtÞ ð22Þ

JMAK parameters (for e-carbides, cementite and recov-
ery), the solubility limit of carbon with e-carbide ð½C�eq

a0eÞ,
the initial carbon content of martensite ð½C�0SSÞ and the
recovery influence coefficient ðKRÞ have been adjusted to
obtain a good agreement with experimental TEP measure-
ments shifted to 110 �C. Whereas JMAK parameters drive
the kinetics of TEP evolutions, ½C�eq

a0e; ½C�
0
SS and KR are di-

rectly connected to TEP levels after stages A, B and C,
respectively, thus leading to a unique set of adjusted
parameters. Fig. 6 shows the result of this fitting process,
as well as the contribution of all microstructural changes
on TEP. The value of all parameters are reported in Table
3 for the 110 �C ageing treatment. JMAK parameters re-
main in a reasonable range, in agreement with what is usu-
ally reported in the literature. The solubility limit of carbon
in martensite, in equilibrium with e-carbide ð½C�eq

a0e ¼
0:075 wt:%Þ is higher than the solubility limit of carbon
in ferrite ð10�2–10�3 wt:%Þ [4,16]), which is not surprising



Table 3
Parameters used to model the TEP evolution during ageing at 110 �C.
Superscripts ðf Þ and ðmÞ stand for fitted and measured, respectively.

Meaning Value

ke JMAK for e-carbides 5:5	 10�3ðf Þ

ne JMAK for e-carbides 0:25ðf Þ

kh JMAK for h-carbides 2	 10�6ðf Þ

nh JMAK for h-carbides 0:9ðf Þ

kR JMAK for recovery 10�12ðf Þ

nR JMAK for recovery 0:2ðf Þ

½C�0SS C content of mart. (initial) 0:2 wt:%ðf Þ

½C�0D C segreg. at disloc. (initial) 0.2 wt.%[4]
½C�eq

a0e Sol. limit of C with e-carb. 0:075wt:%ðf Þ

½C�eq
a0h Sol. limit of C with h-carb. �0

KC C influence coeff. on TEP 15 lV ðK wt:%Þ�1 [36]
KR Recovery influence on TEP 1:5 lV K�1ðf Þ

f 0
cR H

Aust. vol. fract. (initial) 10:3 vol:%ðmÞ

f 0
cR HF

Aust. vol. fract. (initial) 4:7 vol:%ðmÞ

KcR
Aust. infl. coeff. on TEP 75 nV ðK vol:%Þ�1ðmÞ

Fig. 8. (Repartition of carbon in martensite: in solid solution ð½C�SSÞ, in e-
carbides ð½C�a0!eÞ and in cementite ð½C�a0!h þ ½C�D!hÞ during an ageing
treatment at 110 �C. The inset represents the retained austenite volume
fraction evolution. These data will be used as an input parameter to
evaluate the dimensional changes of our samples.
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when the huge amount of energy stored in the martensite is
considered. Finally, the initial carbon content of martensite
ð½C�0SS ¼ 0:2 wt:%Þ is quite a reasonable value since a large
part of the carbon has not been dissolved during the
austenitization.

The temperature–time equivalence discussed above has
then been applied to the modelled master curve at 110 �C
to shift it back to all investigated ageing temperatures. It
can be observed in Fig. 7 that the empirical approach
(based on JMAK equations and the parameters of Table
3) proposed in this section gives an accurate description
of experimental TEP evolution for all ageing temperatures
and both initial states (H and HF).

4.4.4. From TEP measurement to carbon mass fractions

TEP measurements have been used to develop an empir-
ical model based on JMAK equations. This model provides
Fig. 7. (Comparison between experimental TEP measurements (filled symbols
on JMAK formalism (Eq. (22), lines). Calculated TEP has been shifted accor
the time evolution of carbon mass fraction involved in mar-
tensite: ½C�SS , e-carbides ½C�a0!e, cementite ½C�a0!h þ ½C�D!h

and the retained austenite volume fraction fcR
for any age-

ing temperature. These data, represented in Fig. 8 will be
used in the next section to calculate the volume fraction
of all investigated phases, and their associated volume
change.

5. Dimensional changes

The aim of this section is to validate the approach devel-
oped in the previous section. For that purpose, dimen-
sional changes occurring during ageing treatments will be
for H and open symbols for HF treatment) and empirical approach based
ding to the activation energies discussed in Section 4.2.
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calculated from microstructural parameters estimated in
the previous section. Six particular treatments have been
chosen: H110, H200, H240, HF110, HF200 and HF240.
Predicted results will finally be compared to experimental
dilatation measurements.

From the mechanical point of view, the 100Cr6 steel is a
composite material containing six constituents: (i) metasta-
ble carbides ðeÞ, (ii) cementite ðhÞ, (iii) martensite ða0Þ, (iv)
ferrite + cementite ðaþ hÞ, resulting from the decomposi-
tion of retained austenite, (v) retained austenite ðcRÞ and
(vi) undissolved carbides. As already mentioned, undis-
solved carbides do not play any role in the investigated
time/temperature range. They will therefore be ignored.
In the following, the volume fraction and the dilatation
associated with each constituent will be investigated. Dila-
tations will be considered as isotropic; such assumption is
not realistic at the scale of a single crystal, but seems fairly
reasonable for a polycrystal with many martensite lathes.

Initial state: Before tempering, the 100Cr6 steel is com-
posed of martensite and retained austenite. The mean vol-
ume per iron atom is then given by:

X0 ¼ X Fe0
cR

XcR

rcR

þ ð1� X Fe0
cR
ÞX

0
a0

ra0
ð23Þ

where XcR
ðnm3Þ ¼ 0:3556þ 0:095X C

cR
= 1� X C

cR

� �� �3

is the

austenite lattice unit volume [37], with X C
cR

being the molar

carbon content of austenite, which has been assumed to be
equal to the carbon content of martensite (solid solu-
tion + dislocation: 0.4 wt.% = 1.86 at.%—see Table 3),
rcR
¼ 4 is the number of iron atoms per austenite lattice

unit, Xa0 is the martensite lattice unit volume (X0
a0 is its ini-

tial value before tempering), ra0 ¼ 2 is the number of iron

atoms per martensite lattice unit, and X Fe
cR

is the molar frac-

tion of iron involved in retained austenite (initial value

X Fe0
cR

).

The molar fraction of iron involved in austenite X Fe
cR

depends on the austenite volume fraction fcR
as:

X Fe
cR
¼ fcR

Xa0=ra0

ð1� fcR
ÞXcR

=rcR
þ fcR

Xa0=ra0
ð24Þ

e-carbides (from martensite): The principal components of
the isotropic stress-free dilatation strain tensor, hereafter
called eigenstrain, associated with the transformation of
one iron atom from the martensite to metastable carbides,
are given by:

�T
e ¼

1

3
ln 1þ Xe=re � X0

a0=ra0

X0
a0=ra0

 !
¼ 1

3
ln

Xe=re

X0
a0=ra0

 !
ð25Þ

where Xe ¼ 0:0857 nm3 is the e lattice unit volume [22] and
re ¼ 6 is the number of iron atoms per lattice unit [22].

The volume fraction of martensite transformed into
e-carbides is given by:

fe ¼
X0

a0=ra0

X0

X C
e se 1� X Fe

cR

0
� �

ð26Þ
where X C
e ¼ ½C�a0!eMFe=MC is the molar fraction of car-

bon involved in the precipitation of e-carbides from mar-
tensite (½C�a0!e is given by Eq. (10)). The number of iron
atoms per carbon atom in e-carbides is se ¼ 2:4 [9]. Note
that X C

e refers to the carbon fraction within the a0 phase,
whereas X Fe

cR
is the fraction of iron in austenite referenced

to the whole sample.
Cementite (from martensite): The eigenstrain associated

with the transformation of one iron atom from the mar-
tensite to stable carbides is:

�T
h ¼

1

3
ln 1þ Xh=rh � X0

a0=ra0

X0
a0=ra0

 !
¼ 1

3
ln

Xh=rh

X0
a0=ra0

 !
ð27Þ

where Xh ¼ 0:155 nm3 is the cementite lattice unit volume
[24] and rh ¼ 12 is the number of iron atoms per lattice unit
[24].

The volume fraction of martensite transformed into
cementite is given by:

fh ¼
X0

a0=ra0

X0

X C
h sh 1� X Fe

cR

0
� �

ð28Þ

where X C
h ¼ ð½C�a0!h þ ½C�D!hÞM Fe=MC is the molar frac-

tion of carbon involved in the precipitation of cementite
from solid solution (½C�a0!h is given by Eq. (11)) and from
dislocations (½C�D!h is given by Eq. (12)). The number of
iron atoms per carbon atom in e-carbides is sh ¼ 3.

Martensite: The eigenstrain associated with martensite
tempering is due to its loss of tetragonality and to recovery:

�T
a0 ¼

1

3
ln 1þ Xa0=ra0 � X0

a0=ra0

X0
a0=ra0

 !
¼ 1

3
ln

Xa0=ra0

X0
a0=ra0

 !
ð29Þ

where Xa0 is the sum of the tetragonal lattice volume [37]
and an additional volume XR taking into account the pres-
ence of dislocations and lath/grains boundaries:

Xa0 ¼ 0:28664� 0:27X C
a0

� 	2ð0:28664þ 2:43X C
a0 Þ

þ X0
Rð1� Y RðtÞÞ ð30Þ

with Y RðtÞ determined in the previous section (Eq. (20)) and
X0

R ¼ 0:00027 nm3. The value of X0
R has been adjusted to get

the best fit on dimensional evolutions. It corresponds to an
eigenstrain due to recovery given by �R ¼ 1=3 ln½ðX0

a0þ
X0

RÞ=X0
a0 � ¼ 0:3%.

The volume fraction of martensite is given by:

fa0 ¼
X0

a0=ra0

X0

1� X C
e se � X C

h sh

� 	
1� X Fe

cR

0
� �

ð31Þ

Ferrite + cementite (from retained austenite): Retained aus-
tenite transforms into ferrite (lattice unit volume
Xh ¼ ð0:28664 nmÞ3Þ and cementite. The eigenstrain associ-
ated with the decomposition of one iron atom of retained
austenite is:

�T
aþh ¼

1

3
ln
ð1� X C

cR
shÞXa=ra þ X C

cR
shXh=rh

XcR
=rcR

 !
ð32Þ
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The volume fraction of retained austenite transformed into
ferrite + cementite is given by:

faþh ¼
X0

cR
=rcR

X0

X Fe
cR

0 � X Fe
cR

� �
ð33Þ

Remaining retained austenite: The remaining retained aus-
tenite does not evolve during tempering. Therefore, no vol-
ume change is associated with its presence:

�T
cR
¼ 0 ð34Þ

However, we will see in the next paragraph that the volume
fraction of this phase is needed to calculate the total defor-
mation of the 100Cr6 sample. It is then given by:

fcR
¼

X0
cR
=rcR

X0

X Fe
cR

ð35Þ

Voigt vs Reuss: From the deformation associated with each
transformation and the volume fraction of all phases, it is
possible to estimate the two limiting values of sample dila-
tation, namely the Voigt (uniform strain) and Reuss (uni-
form stress) limits, as a function of eigenstrains �, volume
fractions f and moduli E of all phases:

DL
L






Reuss

¼ fe�
T
e þ fh�

T
h þ fa0�

T
a0 þ faþh�

T
aþh þ fcR

�T
cR

ð36Þ

DL
L






Voigt

¼
fe�

T
e Ee þ fh�

T
h Eh þ fa0�

T
a0Ea0 þ faþh�

T
aþhEaþh

feEe þ fhEh þ fa0Ea0 þ faþhEaþh
ð37Þ

Results: The physical and mechanical parameters of all
phases are listed in Table 4. Dimensional changes derived
from this overall approach are presented in Fig. 9 and com-
pared to dimensional change measurements for ageing per-
formed at 110, 200 and 240 �C after both H and HF
thermal treatments in Fig. 10.

The dimensional changes associated with a 110 �C age-
ing treatment from state HF are represented in Fig. 9 with
the contribution of all phases. During the first stage of tem-
pering, it can be observed that the dilatation resulting from
the precipitation of e-carbide (+0.07%) is overwhelmed by
the contraction resulting from martensite loss of tetrago-
nality (�0.13%), leading to a net dimensional contraction
of �0.06%. During the second and third stages of temper-
ing, three processes compete: (i) precipitation of cementite
(dilatation: +0.13%) (ii) decomposition of retained austen-
ite (dilatation +0.05%) and (iii) martensite loss of tetrago-
nality (contraction �0.14%), leading to a net dilatation
Table 4
Physical and mechanical data for each phase.

Fe at. Vol. El. Eigen-
Phase p. latt. p. latt. modul. strain

r X ðnm3Þ E ðGPaÞ �T (%)

e 6 [22] 0.0857 [22] 196 [38] 5.81 (Eq. (25))
h 12 [24] 0.155 [24] 196 [38] 2.51 (Eq. (27))
a0 2 Eq. (30) 242 [39] Eq. (29)
aþ h 2 0.0235 [37] 238 [21] 1.38 (Eq. (32))
cR 4 0.0453 [37] 315 [40] 0
(+0.04%). This evolution observed in Fig. 9 has been
reported many times in the literature for non-isothermal
treatments (see, e.g. the work of Cheng et al. [10]).

In Fig. 9, we observe an important shrinkage for long
ageing time (�0.3%), which had, to the authors knowledge,
never been interpreted and explained in the literature. The
main reason might be that dimensional analysis is most of
the time performed with constant heating rate dilatometers
(non-isothermal treatments), and under these conditions
this shrinkage is overwhelmed by thermal expansion. In
this paper, we have assumed that this contraction is due
to the recovery of the dislocation structure and to the
coarsening of martensite lathes.

The shrinkage observed just after the precipitation of
e-carbides (�0.06%) is consistent with results reported by
Cheng: �0.18% [10] for a 1.1 wt.%C alloy; and Roberts:
�0.2% [9] for 1 wt.%C alloys. As the shrinkage is propor-
tional to the carbon content of the martensite, Cheng
and Roberts’ equivalent shrinkage for a 0.4 wt.%C mar-
tensite (the one that had been estimated in this work)
would be �0.07%, which is almost the same as the one
observed in Fig. 10. This gives us confidence in both (i)
the value of the carbon content of the martensite
(0.2 wt.%) that had been estimated through TEP measure-
ments and (ii) the amount of carbon segregated on disloca-
tion (0.2 wt.%), that had been reported by Butler [4].

Moreover, the dilatation reported by Roberts [9] associ-
ated with the decomposition of retained austenite is +1.1%,
which is in good agreement with the eigenstrain that has
been estimated in this approach: 1.3% (see Table 4).

Finally, and most importantly, it can be seen in Fig. 10
that all experimental results remain within the two pre-
dicted limits (Voigt and Reuss). This agreement gives us
Fig. 9. Predicted dimensional changes of 100Cr6 martensitic steel during
ageing at 110 �C after HF treatment. The two limits are represented (Voigt
and Reuss) as well as the contribution of e-carbide precipitation ða0 ! eÞ,
cementite precipitation ða0 ! hÞ, retained austenite decomposition
ðcR ! aþ hÞ and loss of tetragonality and recovery of martensite ða0Þ.



Fig. 10. Dimensional changes of 100Cr6 martensitic steel during ageing after H ðf 0
cRH ¼ 10:3 vol:%; leftÞ and HF ðf 0

cRHF ¼ 4:7 vol:%; rightÞ treatments.
Comparison between experiment (points) and the overall approach developed in this paper (TEP measurements ! quantitative analysis of the steel
microstructure ! dimensional changes). The two lines stand for the Voigt and Reuss limits. Uncertainties correspond to the symbol size.
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confidence about the whole approach developed in this
paper, and particularly the quantitative analysis of TEP
evolutions presented in Section 4.

6. Conclusions

The evolution of TEP during the tempering of a 100Cr6
steel shows two sigmoidal evolutions related to the precip-
itation of e-carbides and cementite and a broader one, that
has been assumed to be due to recovery processes.

The analysis of TEP measurements at different times
and temperatures (from 110 to 505 �C) shows that all pro-
cesses occurring during tempering are related to (i) the dif-
fusion of carbon (activation energy of 120 kJ mol�1)
driving the kinetics of carbide precipitation and retained
austenite decomposition; and (ii) the mobility of disloca-
tions and iron atoms (activation energy of 190 kJ mol�1),
driving the kinetics of recovery and coarsening of martens-
ite lathes.

A phenomenological model based on JMAK equations
leads to a good description of TEP evolutions at all inves-
tigated ageing temperatures.

The combined use or X-ray analysis and TEP lead to the
estimation of the TEP change associated with the decom-
position of retained austenite: KcR

¼ 75 nV K�1 vol:%�1.
Analysis of TEP measurements gives the quantities of

carbon in martensite as well as the volume fraction of e-car-
bides, cementite and retained austenite as a function of
time and temperature. Theses quantities are used to predict
dimensional changes.

A scenario has been proposed to quantitatively analyse
the tempering of 100Cr6 steel: (i) e-carbides precipitate first
from the excess carbon of the martensite; then (ii) cement-
ite precipitates are formed with carbon coming from e-car-
bides, dislocations and the remaining carbon of martensite
and (iii) (simultaneously with (ii)) retained austenite is
decomposed into cementite and ferrite.

A very good agreement is observed between the pre-
dicted and measured dimensional changes, thus validating
the proposed scenario.

The total amplitude of the shrinkage associated with
recovery of the dislocation structure and coarsening of
martensite lathes has been estimated to be 0.3%.

More elaborate models could be used to describe both the
kinetics of carbide precipitation [29,30] and the dimensional
changes (homogenization techniques, such as self-consistent
scheme and/or Ponte Castañeda–Willis approaches [21]).
However, the complexity of the martensite microstructure
would make these improvements tricky. Moreover, this
approach could be improved to investigate non-isothermal
treatments (e.g. continuous heating ramp, such as those per-
formed in a dilatometer), for which a great deal of data is
available in the literature.
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