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Thermal ageing of 100Cr6 with different initial austenitisings was studied using the combination of
synchrotron X-ray diffraction and dimensional variation measurements. Synchrotron X-ray
diffraction provided the phase volume fractions and their carbon content through the analysis of
the lattice parameters. Dimensional measurements were obtained in situ in a quench dilatometer
also used to realise the heat treatment. The combined analysis of these data provides a better
understanding of phase evolutions. For the different austenitising treatments investigated, the
dimensional variations were found to be easily linked to the phase parameters measured by X-
ray diffraction.
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Introduction
In bearing applications, steels must present high hardness
to ensure long rolling contact fatigue lives in service.1

100Cr6 steel is widely used by bearing manufacturers in
a quenched and tempered state. In such a state, the micro-
structure obtained is composed of metastable constituents
that may evolve in service inducing potentially detrimen-
tal dimensional variations: loss of fit, clearance vari-
ation.2–6 It is possible to realise a stabilising tempering
by increasing the tempering temperature, but the hardness
as a consequence will be reduced.
To optimise the heat treatment and get the best hard-

ness/dimensional stability compromise, it is therefore
important to predict microstructural evolutions and
their related dimensional variations.
Tempering of steels,7–9 and especially of 100Cr6, and its

dimensional consequences,2–5 have been extensively
studied in the literature. A recent study conducted by
the authors10 presented an original approach coupling
experimental ageing characterisation of the microstruc-
ture by thermo-electric power measurements and a mod-
elling of the ageing evolutions to predict macroscopic
dimensional variations. However, all above-mentioned
studies suffered from the lack of information on the
exact carbon content of martensite and austenite, as
well as the precise knowledge of phase fractions.
The aim of this work is to use synchrotron source X-ray

diffraction (XRD) to determine phase volume fraction
and phase carbon content,11 in combination with in situ
dimensional analysis, to better understand complex

dimensional variations occurring during ageing after
different initial austenitising heat treatments.

Materials, treatments and techniques
100Cr6 bearing steel and treatments
All experiments were realised on 100Cr6 samples
machined from one steel batch with a carbon composition
of 0.96 wt-% and chromium composition of 1.41 wt-%.
Four initial heat treatments were studied consisting of
various austenitizing temperatures and times, namely (1)
10 minutes at 880°C, (2) 10 minutes at 850°C, (3) 30 min-
utes at 850°C and (4) 10 minutes at 820°C. These treat-
ments were performed in a DIL-805 quench dilatometer
(see next section) and followed by rapid cooling to simu-
late an oil quench. These treatments were followed by iso-
thermal ageing treatments performed at 170 and 230°C
during up to 10 000 seconds.

In situ dimensional analysis
ADIL-805 quench dilatometer from TA Instruments was
used to assess in situ dimensional variations on cylindrical
samples (diameter: 4 mm, length: 10 mm) during isother-
mal ageing, following austenitizing and quenching.
To reach the ageing temperature, a heating rate of

10°C s−1 was selected so as to avoid both temperature
overshoot and substantial phase evolution during heating.
Despite this high heating rate, the contraction associated
to carbon precipitation from supersaturated martensite is
initiated during the heating; hence the initial length L0 at
the beginning of ageing cannot be directly obtained.
Therefore, it has been set as the length of the sample at
170 and 230°C during the first heating up to austenitizing
temperature.
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X-ray diffraction at the synchrotron
XRD is used to estimate lattice parameters and phase
fractions. The advantage of synchrotron sources is the
possibility to study the sample in transmission mode
and also to obtain high-resolution diffractograms.
Discs of thickness 0.7 mmwere cut out of the dilatometer

cylinders with precautions, and submitted to ageing treat-
ments of 0, 10, 100, 1000 or 10 000 seconds at 230°C.
All samples were studied on beamline ID11 at the

ESRF to monitor peak variations. The non-aged samples
were also analysed on beamline ID22 to characterise pre-
cisely the initial state. ID22 uses a high-resolution powder
diffractometer (energy of 42 KeV), acquisition time is 45
minutes per sample. ID11 uses a 2D detector and (energy
of 59 KeV), acquisition time is a few seconds per sample.
Calibration and instrument broadening are determined
using CeO2 and Si powders.
Because of a very low texture, the 2D-diffraction pat-

terns were integrated along the radius to obtain a 1D-dif-
fractogramm. A Rietveld refinement was performed on
all the spectrograms using the Maud software12 in batch
mode. The input parameters were instrumental broaden-
ing and basic phase parameters. The output data were
the phase fractions and lattice parameters for martensite,
austenite and cementite.

Results
Phase fractions and composition from XRD
Lattice parameters of martensite and austenite can be
related to carbon content in solid solution.Carbon provides

martensite its tetragonal structure, visible in XRD through
peak splitting. In austenite, carbon increases the distance
between iron atoms, resulting in a peak shifting.
Many relationships can be found in literature concern-

ing the lattice parameter dependence of martensite upon
carbon content. Xiao et al.13 present various existing
data gathered by Roberts.14 More recent and accurate
data gathered by Cheng et al.15 led to the following
equation:

c
a

! "

a
= 1+ 0.045[C]wta (1)

where c and a are the lattice parameters of martensite (in
Angstrom), and [C]wta is the carbon solute content in fer-
rite (in wt-%). It is assumed here that other alloying
elements (such as Cr and Mn) do not change significantly
the lattice parameter of iron.11,16

The advantage of using the c/a ratio is that experimen-
tal error is reduced because the relationship only requires
the angle difference between the split peaks (visible for
peak {220}α in Fig. 1), the absolute peak position is not
needed.
Retained austenite has a cubic structure and austenite

carbon content [C]wtgR can only be estimated through absol-
ute peak position using the following equation11:

agR = 3.556+ 0.0453[C]wtgR (2)

Figure 2 presents the output data of the Rietveld analy-
sis of the XRD results, and its translation in carbon con-
centration and phase fraction. As expected, increasing the
austenitizing conditions (time or temperature), by

1 Schematic of sample mounting system and ID11 and ID22 beam lines, and typical diffractogram obtained and analysed with
Rietveld refinement, showing a doublet for {200}α
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allowing a higher dissolution of carbides in the Fe-matrix,
leads to higher initial retained austenite contents (8–16
vol.-%) and to a higher carbon content in martensite
(from 0.4 to 0.7 wt-%).
In the following, Stages A and B refer to the precipi-

tation of ε-carbides and cementite, respectively (as defined
in Perez et al.10). During ageing, carbon precipitation
from martensite is visible through the decrease of carbon
content in martensite: a large decrease during Stage A,
and a slower decrease during Stage B until no carbon
remains in themartensite. Retained austenite volume frac-
tion remains constant during Stage 1 and drops down to
zero during Stage 2, in agreement with Perez et al.10

The total carbon concentration of the steel [C]wttotal can
be estimated assuming that the concentration of carbon
in austenite [C]wtg before quench is equal to the concen-
tration of carbon in retained austenite [C]wtgR after quench:

(before quench) [C]wttotal = [C]wtg f wtg + [C]wtu f wtu

= [C]wtgR
#
f wtgR

+ f wtu

$

+ [C]wtu f wtu (3)

where [C]wtu is the weight carbon concentration in cemen-
tite and f wtgR

, f wta and f wtu are the mass fractions of retained
austenite, martensite and cementite, respectively. From
XRD measurements, a value of [C]wttotal = 0.97wt-% is
found. This value is in very good agreement with the

nominal concentration of the steel (0.96 wt-%, see
‘100Cr6 bearing steel and treatments’ section) measured
by spectrometry, giving confidence do the XRD measure-
ments and analysis.
The carbon repartition in each phase is then calculated

by summing the carbon content of each phase weighted
with the corresponding phase mass fraction f wt:

(after quench) [C]wttotal = [C]wta f wta + [C]wtgR f
wt
gR

+ [C]wtu f wtu + [C]wtseg (4)

where [C]wtseg is the residual mass fraction of carbon that is
not seen by XRD, which can be calculated subtracting
equations (3) and (4). Indeed, the balance of carbon
after quench using XRD data does not lead to the total
carbon content of 0.96 wt-%: up to 0.2 wt-% is not
accounted for (not visible by XRD). It is assumed to be
segregated on defects (e.g. dislocations, grain boundaries),
or present in phases not visible in the diffractograms (e.g.
alloy carbides, ε-carbide).
These carbon repartitions are represented in Fig. 3, for

all treatments in the as-quenched state and for the refer-
ence treatment in different states (before quench, as-
quenched and aged states). It can be observed in Fig. 3a,
that increasing austenitizing conditions (time or tempera-
ture) also decreases the amount of carbon segregated to
defects, that did not stay in the martensite during quench:
that is probably due to the fact that low austenitizing

2 Output data of Rietveld analysis: a carbon content in martensite, b retained austenite volume fraction as a function of ageing
times at 230°C. Stages A and B refer to the precipitation of ε-carbides and cementite, respectively (see Perez et al.10 for more
details)

3 Distribution of carbon in the different microstructural constituents according to XRD analysis – a as-quenched states after
various austenitizing treatments; b 850°C/10 minutes state: before quench, and as a function of ageing time at 230°C
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conditions lead to a finer austenite grain size, and a larger
density of lath boundaries and dislocations after quench.
In Fig. 3b, it can be observed that most of the carbon

either goes to carbides and/or segregates to defects during
ageing. Note the relatively high values of the uncertainties
of the carbon repartition between segregation and cemen-
tite: this is due to the multitude of cementite diffraction
peaks combined to the small size of cementite precipitates
appearing during ageing.10

Dimensional analysis
The dimensional evolutions as a function of ageing time
at 170 and 230°C are reported in Fig. 4. In the 170°C age-
ing, only a contraction is observed. It is due to the precipi-
tation of carbides from martensite occurring in Stage A:
the contraction of the martensite matrix due to carbon
impoverishment is only partially compensated by the for-
mation of carbides.17,10 For the 230°C ageing, it is poss-
ible to observe the total dimensional evolution kinetics:
contraction during Stage A, and an expansion taking
over the contraction during Stage B associated to the

change of balance between the contraction part (carbon
leaving martensite) and the expansion part (carbide for-
mation and retained austenite decomposition). For longer
times (above 10 000 seconds) at 230°C, contraction is
again observed associated to recovery and/or martensite
carbon depletion.
The dimensional variation measured were then ana-

lysed using the microstructural data obtained by XRD
(see Fig. 5).
For Stage A (Fig. 5a), the contraction occurring during

Stage A seems to be well related to the initial carbon con-
tent in martensite. That seems rather logical since carbon
precipitation from martensite is the main contributor to
contraction.
For Stage B (Fig. 5b), the maximal expansion shows a

linear relationship with the initial retained austenite con-
tent. That confirms that in the past, simple design rules
existed in the literature linking the initial retained auste-
nite content to the maximal dimensional expansion in ser-
vice.5 However, this simple rule may not be valid for any
thermal treatment, since dimensional variations are a

4 Dimensional variation as a function of ageing time at 170 and 230°C – Stages A and B are labelled on the graph with the cor-
responding time ranges for each ageing temperature. Note that dimensional variations occur during heating and also during
the first second of isothermal holding

5 Correlation between dimensional variation measured in situ at 230°C and data obtained by XRD
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complex combination of contractions and expansions.
For accurate predictions of dimensional variations, a
microstructural model would be needed to estimate
phase volume fraction, carbon concentration in both mar-
tensite and austenite as a function of ageing time.

Conclusions
An original combination of experimental methodologies
have been presented in order to evaluate the microstruc-
tural evolutions of 100Cr6 steel when submitted to differ-
ent quenching and ageing treatments. The use of XRD
enables a precise estimation of the carbon content in mar-
tensite and in austenite, and of the phase volume fraction.
The influence of initial heat treatment was characterised.
Even though simple relationships seem to exist between
microstructural parameters such as carbon content and
phase volume fraction, and dimensional variations during
ageing, the problem is complex, and an analytical model
is still needed to better design heat treatments and get the
best hardness/dimensional stability.
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