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High energy X-ray diffraction is a powerful tool, able to follow phase transformations dur-
ing complex thermal or thermo-mechanical treatments. High energy allows one to study
volumic specimens of a few mm3 and get successive data within a few seconds or less.
The technique is described with different experimental setups (heating devices, detec-
tors for diverse acquisition times) allowing diverse ranges for heating and cooling rates.
Three examples are considered to illustrate the results obtained by using high energy X-ray
diffraction. The first one corresponds to a simple diffusive phase transformation during an
isothermal thermal path for the α–β transformation in a titanium alloy, highlighting the
diffusive character considering the cell parameter evolutions of the parent phase. The sec-
ond one illustrates the precipitation sequences observed during ageing of a β-metastable
phase in a titanium alloy that was not obtained by TEM. The last example illustrates the
phase evolutions during ageing of a martensitic steel showing the complexity of cell pa-
rameters evolution and some evolutions of the stress state.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

La diffraction des rayons X de haute énergie est un outil puissant pour suivre les transfor-
mations de phases pendant des traitements thermiques ou thermo-mécaniques complexes.
La haute énérgie permet d’étudier des échantillons massifs de plusieurs mm3 et d’obtenir
des données toutes les secondes ou moins. La technique est décrite avec différents dispo-
sitifs expérimentaux (fours, détecteurs pour différents temps d’acquisition) permettant une
large gamme de vitesse de chauffage et de refroidissement. Trois exemples sont considérés
pour illustrer les résultats obtenus en utilisant la diffraction des rayons X de haute énergie.
Le premier correspond à une simple transformation de phases diffusive pendant un traite-
ment thermique isotherme pour la transformation α–β dans un alliage de titane, mettant
en lumière le caractère diffusif en considérant les évolutions des paramètres de mailles
de la phase parente. Le second illustre les séquences de précipitation observées lors du
vieilllisement d’une phase β métastable dans un alliage de titane qui n’a pu être obtenu
par MET. Le dernier exemple illustre les évolutions de phases durant le vieillisement d’un
acier martensitique montrant la complexité des évolutions des paramètres de mailles et
quelques évolutions de l’état de contrainte.
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1. Introduction

In many cases, material properties are achieved after a sequence of treatments involving solid–solid phase transforma-
tions. Optimising these properties requires a deep understanding of: (i) the relationships between the processing parameters
and the mechanisms involved in the microstructure formation and evolution; as well as (ii) the relationships between the
resulting microstructures and the properties. Hence, it appears clear that investigating the mechanisms and predicting the
kinetics are key steps to design and control microstructures with some desired properties. In order to monitor solid–solid
phase transformations, a large number of characterisation techniques are available such as X-ray or neutron diffraction,
optical and electronic microscopies. Most often, the kinetics of rapid phase transformations are inferred from the mea-
surement of some relevant physical property: length for transformations exhibiting volume changes, magnetic or electrical
properties associated with the transformation, etc. X-rays diffraction is less commonly used for obtaining kinetics of phase
transformations. Indeed, it remains mainly a basic technique to characterise the crystallographic structures of all phases
present. However, it is worth noting that quantitative analyses of the diffraction patterns give the lattice parameters as well
as the volume fraction of each phase. Thus, laboratory equipment can be used to follow the phase evolutions based on
these parameters in variable conditions involving temperature or stresses. However, in order to determine them accurately,
acquisition times must be quite long. This limits the investigations with such equipment to very slow kinetics. Moreover, as
a consequence of the small depth penetration of laboratory X-rays in metallic materials, the analysed volume is located near
the surface. Any surface reactivity with environment will thus interfere with the other observed phenomena and must be
limited, if not controlled. The limitations of the laboratory equipment can be largely overcome using synchrotron radiation
at high energy (about 90 keV and over). First, large volumes can be analysed by transmission of X-rays through millimetre
wide samples. Second, acquisition times are drastically reduced to a few seconds or less. Hence, coupled with heating de-
vices, high energy X-rays permit to collect a large series of Debye–Scherrer diffraction diagrams during controlled thermal
or thermo-mechanical solicitations: the nature of the phases, the lattice parameters of their structures and their volume
fractions can be accurately determined versus time to monitor the transformations in the bulk of materials. Moreover, it
must be stressed that additional information concerning the evolution of average strain or composition can be retrieved
from the full width at half maximum of the diffraction peaks.

Due to all these advantages and with the growing number of high energy facilities, this technique has become more and
more popular these last years (see e.g. [1–14]). For our part, we have benefited from the European Synchrotron Radiation
Facility (ESRF) to investigate phase transformation in different alloys, such as titanium alloys, aluminium alloys or steels. In
the present article, we will first discuss some technical and methodological issues of this technique. Then we will illustrate
its potentialities by focusing on a simple case, the isothermal phase transformation after cooling from the high temperature
range in a titanium alloy and on more complex behaviour, i.e. during ageing of two specific industrial alloys: (i) the precip-
itation sequences observed during ageing of a β-metastable titanium alloy; and (ii) the simultaneous evolutions of several
phases during ageing of a martensitic steel.

2. Experimental methods

Phase transformation studies using X-ray diffraction require a good spatial resolution for the diagrams, a temporal resolu-
tion to follow phase evolutions during thermal treatments as well as a good statistic on the diffracting domains. In the case
of high energy experiments [15], spatial resolution is given by the detector type (number and size of pixels) and the set-up
geometry; namely the distance between the sample and the detector, the size of the detector. Time resolution is dependent
on the type of detector and the choice of the time resolution is dependent on the kinetics of the phase transformation
studied. The counting statistics on the phases are given by: (i) the high energy synchrotron beam which allows analysing a
large volume (here several mm3) [16]; (ii) the rotation of the sample if grain size is particularly large; and (iii) the detector
that allows recording data over a large solid angle [17–19].

High energy diffraction (≈ 90 keV) was used to follow the phase transformations during thermal treatments in steels
[4,20], aluminium alloys [5], and titanium alloys [9,11,12]. The structural changes were characterised during continuous
heating or cooling and during isothermal treatments. For all following examples, high energy diffraction was used to study
a large volume of the sample. Experimental results are thus representative of the bulk material and minimise the surface
effects. In such conditions, complex sample environments (inert gas or vacuum chamber) can be removed as the surface
effects are very low compared to the volume (estimated at 1 or 2%). However, surface effects may affect the obtained results
in some specific cases.

2.1. Set-up for thermal experiments

Different set-up were used, that were specially devoted to the phase transformation kinetics considered. Resistance
furnaces that are suitable to slow kinetics, allow maximum heating/cooling ramps of 10 ◦C/min. For slow kinetics, the use
of a fast detector is not mandatory; so the choice can be an image plate detector, as a MAR345 [21]. This detector has a
long readout time (around 2 min) but a very good spatial resolution at high angle due to the technology used to read the
plate: a laser reads the signal and erases the plate following a spiral trajectory, meaning a huge number of pixels at high
angle. Radiant furnaces allow more rapid heating and cooling rates (up to about 10 ◦C/s). They are thus more adapted to
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Fig. 1. Diffraction diagrams evolution over time for a β-metastable titanium alloy (Ti17).

study kinetics in isothermal conditions (after rapid heating or cooling). For rapid temperature variations as well as rapid
transformation kinetics, fast 2D CCD (Charge-Coupled-Device) detectors are generally used (MARCCD [21], FReLoN [22],
Pixium [23]), in order to record diagrams every 1–3 seconds. All furnaces can be driven controlling the temperature with a
thermocouple welded or not on the sample, or controlling the electric power supplied to the furnace. During our treatments,
in some cases, samples were placed in continuous rotation in order to increase the number of diffracting grains. In this case,
power driving method was used to control the temperature variations.

High energy diffraction is made using a synchrotron beam with an energy around 89 keV (λ = 0.0139 nm) in the case
of the ID15B beamline. Higher energy can be reached at the ESRF on ID11 or ID15A and on other synchrotron sources
(Diamond, DESY, APS, Spring8, etc.). The detector is placed at a distance between 0.6 and 1.2 meters, depending on its
geometry. Generally, the 2θ range usable is 0–10◦ .

2.2. Set-up calibration

The experimental set-up being a flexible part on a synchrotron beamline, it is necessary to calibrate all parts for each
experiment. In order to follow precisely the phase evolutions, we need to know with a high precision the wavelength, the
distance between the sample and the detection plan and the non-orthogonality of the detector according to the beam.
To determine these parameters, we used standard powders with known structure and cell parameters (CeO2, LaB6, . . . ).
Powders were placed at the sample position, and diffraction diagrams were recorded at different positions of the detector.
We used at least two positions for the detector in order to calibrate the distance and the wavelength. The non-orthogonality
of the detector was deduced from the refinement of the powder diffraction rings. Data reduction was proceeded using
software as fit2d [24] to correct and to integrate the 2D images to classical 1D diffractograms usable for further analysis.

2.3. Data analysis

To study the phase transformation, 2D images were fully reduced to 1D diffractogram in order to limit the effect of grainy
rings, texture reinforcement and the low number of grains in the diffracting volume. Fig. 1 shows successive diffractograms
obtained during thermal treatment of a titanium alloy (heating, dwell, cooling, isothermal dwell and final cooling). The
evolutions of peaks intensities highlight the domains of phase evolutions.

Diagrams were analysed using a Rietveld’s approach [25]. The method was developed for neutron study and adapted later
for X-rays. Due to the large volume of data, we used software that is suitable for making automatic treatment, as Fullprof
[26]. The first step of the analysis was to determine a set of parameters that fit the experimental data and then make the
calculations for the following data. As phase evolutions were considered, special attention was paid when the phase fraction
became very small. From this analysis realised for each diagram, extracted results were: phase amounts (mass fractions in
general), cell parameters, Full Width at Half Maximum (FWHM), background, etc.

3. Results

In situ studies of phase transformations by HEXRD lead to characterisation of the nature of the phases, the transformation
kinetics and the cell parameters of each phase. The involved structural changes and the variations of phase fractions are
basic data to study phase transformations kinetics. In numerous diffusive transformations, the formation of the new phase
is associated with a partitioning of solute elements between the parent phase and the product phase. The modification
of chemical composition of the parent and product phases and in consequence the modification of their cell parameter, is
thus a good indicator of a diffusion process. However, considering a solid–solid phase transformation, it is also necessary to
be sensitive to the existence of stresses associated with the transformation strains and to the differences in Coefficient of
Thermal Expansion (CTE). Those stresses may also influence the evolution of cell parameter of the phases.

In order to illustrate results that can be obtained by HEXRD, we present at first a simple case of phase transformation
during cooling in isothermal condition of a titanium alloy, in which the expected transformation is obtained. In a second
step we consider the transformation during ageing of a supersaturated β-metastable phase obtained after solution treatment
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Fig. 2. Variations of temperature and α mass fraction versus time during cooling and isothermal holding (Ti17 alloy).

Fig. 3. Variations of temperature and relative cell parameters versus time during cooling and isothermal holding (Ti17 alloy).

in the single β temperature range and cooling and in a third one the transformation during ageing in a martensitic stainless
steel.

3.1. Isothermal transformation in a β-metastable titanium alloy [11,12]

Titanium presents an allotropic transformation at 882 ◦C from the high temperature β phase (BCC) to the α phase (HCP).
Addition of alloying elements may result in a two phase domain (α + β) at a temperature lower than the β transition
temperature. The β → α + β transformation has been studied in isothermal conditions using HEXRD for Ti17 alloy. The
composition is in mass%: Al 5, Mo 4, Cr 4, Zr 2, Sn 2. Its β transition temperature is 880 ◦C. After a solution treatment
at 920 ◦C in the β temperature range, the specimen is cooled to the transformation temperature and maintained at that
temperature.

If we focus on the successive diffraction diagrams recorded during the isothermal holding in Fig. 1, the appearance of
the peaks characteristic of the α phase are clearly observed as well as their increase in intensity. Moreover, a continuous
change of the β peak’s position can be noticed. The quantitative analysis of the diffraction diagrams led to the evolution of
phase amount (Fig. 2) and to the relative variations of the cell parameters (Fig. 3) during the cooling and isothermal holding
steps.

The α mass fraction which is close to zero at the beginning of the holding step, increases following an S-shape evolution.
The maximal amount formed at about 750 ◦C is of 47%. It can be mentioned that the obtained kinetics are similar to those
obtained by electrical resistivity [12,27].

The relative cell parameter is defined as δaφ = (aφ(t) − aφ(0))/aφ(0) for cell parameter a of phase φ; aφ(0) is the cell
parameter of phase φ, at 20 ◦C, at the beginning of the experiment. A constant value of the relative cell parameter indicates
that the cell parameter remains constant in the range considered.
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Fig. 4. Variations of relative cell parameters of β phase and (200)β FWHM versus α mass fraction (Ti17 alloy).

Considering the parent phase, a first decrease in δaβ is observed associated with the cooling step. As the temperature
remains nearly constant, δaβ does not decrease anymore until the mass fraction of α increases. Within the transformation
range, a continuous decrease of δaβ is observed and this parameter does not vary any more once the transformation is
completed. These variations may be correlated to the change in chemical composition of β . For the α phase, δaα remains
constant as transformation proceeds, except at the very beginning of the transformation, as temperature decreases (the
amount of α is of about 3%). However, a strong decrease of δcα is observed during cooling, as α mass fraction increases
from 0.5% to 2.5%. A smoother decrease is observed until t = 30 min, corresponding to an α mass fraction of 30 min and
the beginning of the transformation.

For the case considered, the changes in cell parameter during the holding step are associated with changes in the
chemical composition of the phases. Indeed, one can expect a quite small contribution of the elastic deformation of the
phases since the flow stress of the beta phase is low (about 60 MPa at a deformation rate of 3 × 10−4 s−1 [28]). The cell
parameter variations of beta phase are thus associated with changes in its chemical composition as shown by Héricher and
Dehmas for Ti17 alloy [29,30]. A further correlation between δaβ and α mass fraction is reported in Fig. 4; in addition the
variations of FWHM of (200)β peak are reported.

The α formation leads to a decrease of δaβ and at the same time the FWHM increases until a mass fraction reaches 33%
and decreases again. A similar behaviour was observed for isothermal transformation at 700 ◦C and 600 ◦C. The amplitude
of the isothermal decrease of δaβ increases as the α mass fraction formed increases. This is related to the increasing
differences in composition between the parent β phase and the remaining one. The quantitative estimation of those changes
was realised by Bruneseaux [12] considering the chemical composition of the β phase measured in the alloy by Héricher
[29] and cell parameters variations with composition using a Vegard’s law. The increase of FWHM can easily be understood
taking into account the morphology of the α precipitates which consists mainly in colonies with α lamellae and enriched
β phase. The colonies grow from the β/β grain boundaries in the parent grain of which composition is less modified.
The difference in composition between the parent β phase and the enriched one leads to an increase of FWHM. When
transformation tends to be completed, the chemical composition of β tends to a homogeneous one and FWHM decreases.

The large variations of δcα are mainly attributed to changes in the mean composition of interstitial elements in the
α phase and namely in oxygen. Indeed, the cell parameters of α have been shown to strongly depend on the oxygen
content [2]. Our experiments were realised in air, allowing a diffusion of oxygen. In consequence, the surface layers enriched
in oxygen will favour the formation of α (a small amount is formed on cooling to 750 ◦C) with a mean composition in
oxygen larger than that of the α phase formed in the bulk. At the first minutes of transformation we mainly analyse the
α phase in the surface layers. When the overall fraction of α increases, the mean value of δcα decreases and reaches a
constant value when α mass fraction is larger than 25%.

3.2. Transformation during ageing in β-metastable titanium alloys [31]

Mechanical properties of β-metastable titanium alloys can be increased by forming precipitates during ageing. After a
solution treatment in the β temperature range, a rapid cooling to room temperature leads to a β-metastable phase, i.e. a
supersaturated β solution. A further ageing leads to the decomposition of the parent β-metastable phase.

Heat treatment parameters, such as heating rate, ageing temperature or chemical composition of the β-metastable phase
may influence the transformation process. This is clearly illustrated in Fig. 5 giving SEM micrographs of specimens of Ti-
5553 alloy (nominal composition in wt% Ti–5Al–5Mo–5V–3Cr) aged at 650 ◦C for three different heating rates which contain
a same amount of α and β phases. Depending on the heating rate, the α precipitates (in dark contrast on the micrographs)
present large differences in size and morphology. The lower the heating rate, the finer the microstructure. For the lower
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Fig. 5. SEM micrographs obtained after ageing two hours at 675 ◦C for three different heating rates of about (a) 0.1 ◦C/s; (b) 1 ◦C/s; (c) 3 ◦C/s (Ti-5553
alloy).

Fig. 6. (a) Optical micrograph of β-solutionized and quenched Ti-5553 sample; (b) X-ray diffraction pattern of the as-quenched structure; (c) Selected-area
diffraction pattern of 〈110〉β zone axis showing additional reflections associated with ωath precipitates.

heating rate (0.1 ◦C/s) very small quasi-equiaxed precipitates are obtained, distributed homogeneously in the β grain. Pre-
cipitation along the grain boundary can be noticed too, surrounded by a precipitate free zone. For a heating rate near to
1 ◦C/s, acicular precipitates are obtained with a well defined orientation. At the higher heating rate (3 ◦C/s), coarse and
elongated α precipitates are observed, with both inter and intragranular precipitation.

Different authors have studied the precipitation process during ageing of β-metastable phase in different β-metastable
alloys. The formation of a metastable hexagonal isothermal ω (ωiso) phase is often reported, followed by the formation of
the hexagonal α phase [32–35]. The ωiso precipitates are generally considered as nucleation sites for the α precipitates.
A few authors studied the influence of the heating rate on the precipitation process using either in situ electrical mea-
surements or XRD and TEM analysis on specimens quenched at different temperatures during heating. It was shown that
electrical resistivity variations differ depending on the heating conditions, indicating changes in the transformation temper-
ature ranges. The change in electrical resistivity could be associated with structural changes thanks to TEM observations that
evidenced formation of ωiso and α. Only few analyses by XRD relate the formation of orthorhombic α′′ before the formation
of α phase [36,9,37,33].

In situ HEXRD experiments were thus performed to analyse the precipitation sequences. At first, samples were solution
treated at 890 ◦C for 30 min, temperature above the β transition temperature (847 ◦C for our Ti-5553 alloy). After solution
treatment, samples were rapidly cooled to room temperature by switching off the furnace, so the cooling rate was around
100 ◦C per second at the beginning. In situ study of phase evolutions during the solution treatment and rapid cooling was
performed. In the as-quenched condition, the Ti-5553 alloy exhibits a single-phase microstructure with large equiaxed β

grains, as shown in Fig. 6. The XRD patterns recorded on cooling and at room temperature confirm that α precipitation
does not occur (Fig. 6(b)). Moreover, they did not reveal any athermal ω (ωath) formation. However, the presence of ωath
within the β grains was evidenced by TEM using electron diffraction (Fig. 6(c)).

The second step of the heat treatment consisted in ageing the samples at 650 ◦C for two hours using three different
heating rates. Fig. 7 shows the evolution of (I,2θ) diffraction patterns obtained during heating until 650 ◦C and 2 hours
ageing at this temperature for the three different heating rates.

At the initial state, diffraction pattern reveals only peaks of the β phase. During heating at 0.1 ◦C/s (Fig. 7(a)), first
changes are observed between 325 ◦C and 420 ◦C, except modifications in the β peak position due to the temperature
increase. The formation of ω phase is evidenced with the appearance of two peaks at 2θ = 5.7◦ and 6.7◦ . When the tem-
perature exceeds 420 ◦C, peaks corresponding to ωiso disappear and double peaks located at 5.5◦ and 6.55◦ appear. These
peaks cannot be identified as the hexagonal α phase. They are characteristics of an orthorhombic structure, called α′′ . As
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Fig. 7. Evolution of the diffraction patterns obtained: (i) during heating to 650 ◦C and during the isothermal step at this temperature for heating rates of
about (a) 0.1 ◦C/s; (b) 1 ◦C/s; (c) 3 ◦C/s (Ti-5553 alloy).

the transformation proceeds, the intensity of α′′ peak increases strongly between 420 ◦C and 540 ◦C, whereas that of β

phase peak decreases. At 525 ◦C, the double peaks get nearer and they can longer be distinguished at temperatures above
540 ◦C. These peaks thin gradually and their centred position moves toward the final position of α peak showing that α′′
disappears to the profit of α. When the specimen reaches 650 ◦C, only α and β peaks are observed on the diffraction pat-
terns. During holding at this temperature, the intensity and the position of the peaks of both phases do not vary. Figs. 7(b)
and 7(c) illustrate the evolution of the diffraction patterns using a heating rate of 1 ◦C/s and 3 ◦C/s, respectively. For those
higher heating rates, the formation of ωiso could not be evidenced anymore. At 1 ◦C/s, α′′ peaks appear directly between
450 ◦C and 600 ◦C. At the higher heating rate (3 ◦C/s), the beginning of precipitation is evidenced at about 600 ◦C. The peaks
characteristic of the α structure are clearly identified at temperatures above 610 ◦C.

The results obtained by HEXRD allow determining the precipitation sequence for this alloy, a sequence that depends on
the heating rate. The lower heating rate favours the formation of ωiso , as mentioned in the literature. As the temperature
increases, the orthorhombic α′′ appears and replaces ωiso . Our results clearly evidence the formation of α′′ , rather than α
as mentioned in the literature. The formation of α can only be evidenced at temperatures near 500 ◦C.

From the observed microstructure (Fig. 5), it can be expected that ωiso acts as nucleation sites for α′′ . As temperature
increases, a continuous change of α′′ toward α is observed. This change can be associated with a more efficient diffusion of
solute elements in order to tend to the equilibrium structure and composition of the α phase. Increasing the heating rate
to 1 ◦C/s, does not allow the formation of ωiso . The formation of α′′ is, however, possible. After ageing it results in plates
lying in (101) plans of the parent β grain. At last, the heating rate of 3 ◦C/s does not allow the formation of α′′ . We observe
a direct transformation to the α phase.

The identified precipitation sequences are similar to those observed during ageing the 100% β-metastable phase in
the metastable titanium alloy Ti17 [11]. The comparison between the two alloys shows that the precipitation kinetics are
dependant on the chemical composition of the alloy. This results was confirmed by additional studies on precipitation during
ageing on Ti-5553 alloy with a matrix enriched in β stabilising elements. Increasing the amount of β stabilising elements
in the supersaturated matrix leads to a slower kinetics of ωiso and α′′ formation.

3.3. Transformation on ageing of a high nitrogen martensitic stainless steel [20,38]

In martensitic steel, different phase transformations occur during the heating of the as-quenched structure: the transfor-
mation from martensite to ferrite and that from retained austenite to ferrite, both with rejection of alloying elements and
formation of precipitates. In the case of Fe–C–N steel alloyed with Cr, Mo and V, a complex competition opposes carbon
and nitrogen atoms in their redistribution during the low-temperature ageing and in the formation of precipitates at higher
tempering temperatures [39]. The in situ X-ray diffraction gave the opportunity to obtain simultaneously the evolution of
all phases, as long as they were detectable by XRD.

The steel studied (X40CrMoVN16-2-EN1.41123-S42.025-AMS 5925) was provided by Aubert & Duval with the following
composition in wt%: 0.40 C, 0.20 N, 0.28 V, 1.7 Mo, 15.6 Cr, Fe bal. In the annealed state, the microstructure consisted in a
mixture of ferrite and precipitates. Those are (Fe, Cr, Mo)23C6 carbides and hexagonal primary (Cr, V)2N nitrides. The samples
were first submitted to a solution treatment at 1050 ◦C during 45 min, followed by air quenching to room temperature. The
as-quenched matrix was composed of martensite and retained austenite. The mass fraction of retained austenite, determined
by HEXRD, was about 26%. Primary precipitates, present in the annealed state, were not totally dissolved during the solution
treatment [4]. The as-quenched microstructure still contained precipitates with mass fractions of about 2% of undissolved
primary fcc (Fe, Cr, Mo)23C6 carbides and 0.5% of undissolved primary hexagonal (Cr, V)2N nitrides. The specimens were
further heated up to several temperatures at a heating rate of 12 ◦C/min. In the following we present results obtained for a
specimen heated to 800 ◦C.

Fig. 8(a) presents the succession of 44 diffraction diagrams illustrating the evolution of (111) residual austenite and (101)
martensite diffraction peaks on heating from room temperature to 800 ◦C, for 2θ ranging from 3.80◦ to 4.05◦ . Fig. 8(b)
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Fig. 8. (a) Evolution of (111) residual austenite and (101) and (110) martensite diffraction peaks on heating from room temperature to 800 ◦C. (b) Diffraction
diagrams recorded at several temperatures on heating for interreticular distances d ranging from 1.85 Å and 2.50 Å.

Table 1
Lattice parameters of the structures in as-quenched state.

Structures Lattice parameters (nm)

Martensite a 0.28699 ± 0.00004
c 0.29181 ± 0.00007

Retained austenite a 0.35986 ± 0.00003

M23C6 a 1.0637 ± 0.0006

Fig. 9. Evolution of relative variations of martensite lattice parameters versus temperature.

represents 6 successive diffraction diagrams between 624 ◦C and 712 ◦C highlighting the evolutions of several reflections of
M23C6 and M2X structures.

The crystallographic structures detected during the heating up to 800 ◦C were the same as in the as-quenched state:
martensite/ferrite, austenite, fcc M23C6 and hexagonal M2X. However we observed changes in the amount of phases and
their cell parameters.

The relative in situ evolutions of the martensite lattice parameters δaα′ and δcα′ as a function of the temperature are
plotted in Fig. 9. In each case, the as-quenched state measured at the beginning of the experiment is taken as the reference.
The cell parameter at room temperature are given in Table 1.

The results obtained show a nonlinear behaviour in the relative cell parameter variations. As for the evolution of δaα′
and δcα′ , the thermal dilatation alone would promote an increase of both lattice parameters with a derivative coefficient
close to the dilatation coefficient of the ferrite (about 11×10−6 K−1 in this steel). Here, the nonlinear evolutions of δaα′ and
above all δcα′ indicate the transformation of the martensite into ferrite. Below 150 ◦C, the evolutions of δaα′ and δcα′ were
similar, with a derivative coefficient close to the dilatation coefficient of the ferrite. Above 150 ◦C, the parameter aα′ always
increased, with minor variations of the derivative coefficient while the parameter cα′ underwent two contraction stages: the
one at low temperatures (150–380 ◦C) and the other at high temperatures (500–750 ◦C). The temperature range 150–380 ◦C
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Fig. 10. Evolution of mass fractions of the phases (martensite, retained austenite, M23C6 and M2X) as a function of the temperature up to 800 ◦C.

Fig. 11. Variations of the relative cell parameter of retained austenite and its derivative as a function of the temperature up to 800 ◦C.

was divided into two parts: a strong decrease (stage 1) followed by a slow decrease (stage 2). The temperature range
500–750 ◦C was also divided into two parts (stage 3 and stage 4). To the fourth stage corresponds a marked acceleration
of the increase of aα′ . In addition, the Full Width at Half Maximum (FWHM) of the martensite diffraction peaks strongly
decreased at about 650 ◦C (see Fig. 8(a)).

The linked evolutions of aα′ and cα′ were a result of the transformation from the tetragonal martensitic structure into
the cubic ferritic structure, with a rejection of alloying elements, in particular C and N. Indeed, a strong decrease of cα′
and a low increase of aα′ with decreasing the fraction of dissolved C (or N) in Fe–C (or Fe–N) as-quenched martensites
was reported by numerous authors and reviewed by L. Cheng et al. [40]. Carbon and nitrogen occupy octahedral interstices
of the martensitic tetragonal lattice and their rejection out of the martensite affects the lattice parameters in such a way:
the two first-nearest-neighbour metallic atoms along the c axis are brought closer one from another in the direction of the
empty interstice (decrease of cα′ ) and the four second-nearest-neighbour metallic atoms are slightly pushed away in the
plane perpendicular to the c axis (increase of aα′ ) [40]. In our case, we could identify four successive decreasing periods
of cα′ , corresponding to four successive precipitation stages in the martensite. The corresponding increase of aα′ is evident
for the fourth stage. Quantitative analysis of cα′/aα′ were done in [20], associating those variations with the amount of
interstitial solute rejected from the tetragonal martensite.

The evolution of the mass fraction of all phases (martensite/ferrite, retained austenite, M23C6 and M2X) is reported in
Fig. 10. The decrease in austenite amount is observed at temperatures above 640 ◦C. The mass fraction of M23C6 carbides
started to increase at 550 ◦C, slightly during the third stage of martensite decomposition, and more continuously between
600 ◦C and 800 ◦C. In this last temperature range, an increase of the M2X mass fraction is also observed, much more rapid
than that of M23C6. These more rapid evolutions are also illustrated in Fig. 8(b). At last, variations of a/c ratio of M2X were
also evidenced, associated with changes in their chemical composition [20,38].

The relative in situ evolution of the austenite lattice parameter δaγ and the derivative curves as a function of the
temperature are plotted in Fig. 11. The austenite lattice parameter δaγ increases with the temperature, but the derivative
coefficients shows important variations. The measured derivative coefficients are compared to the coefficient of thermal
expansion (CTE), equal to 21 × 10−6 K−1 and measured in the fully austenitic structure before the transformation from
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austenite to martensite during quenching. Comparing the derivative coefficients of Fig. 11 to austenite CTE, four steps are
delimited. Up to about 250 ◦C, the retained austenite derivative coefficient is lower than austenite CTE and equals approxi-
mately 15 × 10−6 K−1. Between 250 ◦C and 450 ◦C, the derivative coefficient is higher than austenite CTE, with a maximum
of 37 × 10−6 K−1. In the temperature range 450–650 ◦C, the derivative coefficient is lower than austenite CTE, with a min-
imum of 1 × 10−6 K−1. In the high temperature range corresponding to the decrease of the retained austenite fraction
(650–800 ◦C), the derivative coefficient varied between 17 × 10−6 K−1 and 28 × 10−6 K−1. Deviations of the derivative co-
efficient from austenite CTE during the heating are caused by chemical or mechanical evolutions. Up to 250 ◦C, a chemical
evolution of the structure is excluded. The low value of the derivative coefficient of aγ is thus ascribed to additional elastic
strains. Indeed, in the mixed retained austenite/martensite structure the difference in CTE between austenite and martensite
leads to stresses. A micromechanical evaluation of these stresses leads to compression stresses in the residual austenite and
in consequence to a cell parameter lower than the expected one considering only temperature variations. Between 250 ◦C
and 450 ◦C, the high derivative coefficient of aγ is associated with a stress relaxation of the austenitic structure, consecu-
tive to the beginning of the transformation from martensite to ferrite. The increase in the austenite cell parameter due to
composition changes is not expected. At those temperatures, it is mainly C which diffuses and only an increase in carbon
would lead to an increase in the austenite cell parameter. An increase in carbon amount is not expected (i.e. the formation
of transition carbides occurs in the martensite laths, or at their interfaces). However, the change in the c/a ratio leads to
a volume decrease of the martensite which modifies the stress states in the phases. In the present case, the mean stress
which is expected to be in compression after martensitic transformation [41] increases leading to an positive elastic mean
strain variation. In the temperature range 450–700 ◦C, the low derivative coefficient of δaγ is ascribed to a chemical evo-
lution of the non-equilibrium retained austenite. The rejection of alloying elements toward the poorer composition of the
ferrite caused the diminution of the lattice parameter. This chemical evolution started about 200 ◦C under the beginning
temperature of the austenite to ferrite transformation. During the transformation from austenite to ferrite (660–770 ◦C), the
derivative coefficient was close to the reference derivative coefficient of the austenite.

A quantitative analysis of all these variations needs to develop a complex model combining the microstructural evolutions
and their consequence on the stress free cell parameters and a micromechanical model.

4. Conclusion

High energy X-ray diffraction is a powerful tool for structural evolution studies associated with solid–solid phase trans-
formations. Data are obtained in real time and are representative of the bulk behaviour. Multiple experimental devices can
be used to apply controlled complex thermal or thermo-mechanical treatments on specimen. A large range of heating and
cooling rates can be studied due the available furnaces and detectors type. 2D detectors permits to collect large solid angle
of the diffraction signal with a high precision and adaptable frame rates. Synchrotron beam allows to quantify small amount
of phase (less than 1%) with a high level of precision.

Quantitative characterisation of a large volume of data can be made by Rietveld’s analysis to extract phase fraction
evolutions over time and temperature as well as their cell parameter variations. Depending on the phase transformation,
obtained results can highlight the transformation mechanisms involved (diffusive with chemical changes). Following the cell
parameter and the FWHM of diffraction peaks allows one to extract data about the changes in the chemical composition, or
in the stress states in each phases.

These points have been illustrated during the studies of phase transformation during the isothermal β → α + β trans-
formation on cooling of a titanium alloy, as well as during the ageing of a β-metastable phase in a titanium alloy and the
ageing of martensite in a martensitic stainless steel. The high quality of the results obtained by this technique, the simulta-
neous in situ evolutions of all obtained data allow going further in the analysis of the transformation mechanism involved
and give new insights in the micromechanical approaches of solid–solid phase transformations. Evolution of the stress state
of phase during phase transformation is a new field of research that is accessible with the high energy X-ray diffraction.
Moreover, the quantitative results obtained can be further used to validate the microstructure evolution models.
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