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Advanced engineering materials are frequently based on multiphase microstructures, where the decisive
step is the heat treatment adjusting the desired microstructure. A typical example are transformation-induced
plasticity assisted steels, where the steel grades depend on the phase composition and the deformation-induced
transformation of retained austenite into martensite. Usually methods for microstructural characterization
are only applied after completion of the heat treatment process and comprise typically microscopy and X-ray
analysis with laboratory tubes. Both methods can suffer from artefacts and probe a relatively small surface
or volume, respectively. However, in the last decade synchrotron facilities have become available that offer
very hard X-rays, which open up new possibilities for the observation of heat treatment processes owing to
the unique combination of extremely high intensities with large penetration depths (mm scale). Sophisticated
sample environments allow for complex in situ experiments, currently with a time resolution on the order of
seconds. Only recently a commercial dilatometer of type Bähr Dil805AD has become available at the HARWI-2
beamline at the HASYLAB. This experimental setup was used for the in situ investigation of the quenching and
partitioning process in transformation-induced plasticity steels. The experiments were performed in transmission
at a wavelength of 0.0124 nm. The Debye–Scherrer rings were observed arising from statistical grain distributions
characteristic for each microstructure. The time-resolved measurements allow conclusions about the phases
present in the sample, their lattice parameters, texture and grain size.

PACS: 61.05.cp, 81.05.Bx, 81.30.Kf, 81.40.Ef

1. Introduction

The microstructural features are decisive for the me-
chanical properties of steel materials. Influencing fac-
tors are the phase fractions and the local chemical com-
position, for example. Possible constituents of multi-
phase steels are polygonal ferrite, bainitic ferrite, car-
bides, martensite, and retained austenite. The latter
plays a distinct role for transformation-induced plasticity
assisted (TRIP-assisted) advanced high strength steels
(AHSS). During plastic deformation retained austenite
may transform to martensite. The martensitic transfor-
mation is accompanied by an increase in volume which
causes plastic deformation in the adjacent ferritic regions.
The induced mobile dislocations and the hard martensitic
particles lead to significant local strain hardening. On
the macroscopic scale, an increased uniform elongation
is observed at an elevated strength level, giving rise to
the so-called TRIP effect. The development of steel ma-
terials is fostered by the automotive industry where the
safety exigencies increase constantly. Simultaneously, the
demand for reduced fuel and exhaust gas emissions, re-
spectively, requires the reduction of the vehicle weight.
Both demands are matched by high strength steels ex-
hibiting good ductility. Recent innovations in steel ma-
terials are based on the advantageous combination of
multiple phases. The first generation of AHSS extended

the range of mechanical properties to very high strength
levels at relatively low elongation values in martensitic
steels to reduced strength levels at higher elongation val-
ues (TRIP steels), ferritic-martensitic dual phase (DP)
steels and complex phase (CP) steels. The second gen-
eration used the stabilization of austenite by manganese
alloying resulting in very high strength and elongation
values. Current research activities aim to establish the
third generation of AHSS providing medium strength and
ductility levels at reduced production costs, aiming at
an uncomplicated integration in existing process chains
(Fig. 1).

In this context the so-called “quenching and partition-
ing” process was proposed in 2003 [1–5]. The “quenching
and partitioning” (Q&P) concept defines a heat treat-
ment procedure designed to stabilize retained austenite
in a matrix of carbon-depleted martensite (Fig. 2). The
latter is a substitute for the polygonal and the bainitic
ferrite in conventional TRIP-assisted steels. The marten-
sitic matrix is expected to increase the global strength
level while retained austenite assures a satisfying duc-
tility due to the TRIP effect. The heat treatment pro-
cess involves partial or complete austenitization, which
is followed by an interrupted quenching to quenching
temperature QT , signifying the quench temperature be-
tween the martensite start temperature Ms and marten-
site finish temperature Mf . After this first quenching an
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Fig. 1. Property range of established and emerging
steel grades [1].

isothermal holding period follows at QT (1 step Q&P)
or at an elevated partitioning temperature PT (2 step
Q&P). During isothermal holding, a temperature- and
time-dependent amount of carbon diffuses from the su-
persaturated martensite to austenite, hence reducing the
Mf temperature below room temperature. Consequently,
austenite remains stable during the concluding quenching
to room temperature.

Fig. 2. Schematic microstructure evolution during
“quenching and partitioning”.

The heat treatment concept is accompanied by an ad-
equate alloying concept typical for TRIP-assisted steel
grades. Crucial are additions of aluminum or silicon be-
cause both elements are known to retard the formation of
carbides. Carbides are undesired because their precipi-
tation might occur during isothermal holding (partition-
ing) and hence consume carbon intended to chemically
stabilize the retained austenite. Furthermore, the global
carbon content is limited especially for automotive sheet
steel in order not to deteriorate the weldability. Man-
ganese acts as solid solution strengthener and reduces
the critical cooling rate [2, 5–10].

The characterization of the resulting microstructure
comprises in scientific and industrial practice optical and

electron microscopy, dilatometry, diffraction methods
and also magnetic measurements. Usually, microscopy
and diffraction with laboratory X-ray tubes demand a
prior metallographic preparation. Specimens are cut af-
ter completion of the heat treatment and embedded in
polymers for grinding, polishing with abrasives and fin-
ishing by electrolytic polishing. For optical microscopy
and SEM investigations, the contrast of the microstruc-
ture constituents is developed by selective etching or
phase-sensitive deposition of chemical reactants on the
specimen surface (color etching). Diffraction methods
like electron backscatter diffraction (EBSD) and X-ray
diffraction with laboratory tubes clearly distinguish the
present phases by their crystallographic features. In
AHSS austenitic parts (face centered cubic, fcc) are re-
liably separated from body centered cubic (bcc) mi-
crostructure constituents. It is noted that the latter may
contain bainitic ferrite with high crystallographic imper-
fection and tetragonally distorted martensite. For trans-
mission electron microscopy (TEM) thin foils on the sub-
micron scale are prepared in intense and delicate prepara-
tion procedures. Magnetic methods distinguish the non-
magnetic austenitic volume fractions from the remaining
magnetic constituents, i.e. polygonal and ferritic ferrite
and martensite [11–14].

Still, the established methods suffer from severe dis-
advantages. Phases with similar chemical potential (like
bainite, martensite and retained austenite) are hard to
distinguish by color etchants for optical microscopy or for
SEM. Also both methods are limited in their resolution
and the phases are often identified based on the experi-
ence of the investigator instead of objective and precise
criteria. Frequently, the phase fractions are only esti-
mated. Except for the magnetic measurements, all men-
tioned methods investigate the surface or near-surface
region of the specimens, which remains relatively small.
Furthermore the preceding sample preparation may espe-
cially affect metastable microstructure constituents like
retained austenite. Only the magnetic measurements are
applicable to bulk specimens without prior preparation.
Moreover, none of the methods is used at elevated tem-
peratures, direct evidence on the microstructure evolu-
tion during the processing is hence lacking so far [14, 15].
In the present work the in situ characterization of heat
treatment processes by diffraction experiments with high-
-energy synchrotron radiation is discussed.

2. Experimental approach

Firstly, the usefulness of high energy synchrotron radi-
ation (100 keV) for steel diffraction is illustrated by com-
parison to diffraction experiments with Co Kα (6.9 keV)
radiation produced by a laboratory tube. Secondly, the
method is applied to monitor the evolution of the austen-
ite phase fraction during Q&P.

Two diffractograms of the standardized automotive
TRIP-steel HCT690T [16] were obtained from diffrac-
tion of Co Kα and synchrotron radiation and compared to
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each other. For the in situ experiments with synchrotron
radiation the Si/Ni alloyed TRIP steel QPSN was inves-
tigated. While the contents of carbon, silicon and man-

ganese correspond to industrialized TRIP-assisted steels,
the alloy QPSN was enriched with nickel to further de-
crease the critical cooling rate.

TABLE
Chemical composition of investigated steels [mass%], (n.a. — not analyzed).

Alloy C Si Mn P S Al N Ni
HCT690T 0.248 0.036 1.623 < 0.120 < 0.015 1.246 n.a. 0.01
QPSN 0.200 1.910 1.640 < 0.002 < 0.010 n.a. 0.002 3.10

The chemical compositions of the investigated steels
are given in Table. The alloy QPSN was melted in a lab-
oratory vacuum furnace and cast to ingots of 140 mm ×
140 mm × ca. 500 mm. To destroy the as-cast microstruc-
ture, the ingots were cut inTO two pieces of around
250 mm, reheated to 1200 ◦C and deformed to a cross-
-section of 70 mm × 70 mm. After normalization (austen-
itization at 970 ◦C for 60 min., air cooling), specimens of
7 mm×4 mm×1.3 mm were machined from bulk material
at a distance of 6.5 mm from the surface. For the labora-
tory diffraction experiments the specimens were moulded
in cold hardening resin and metallographically prepared.
The preparation procedure consisted of grinding (SiC
abrasives), polishing with diamond particles (6 µm/3 µm)
in aqueous dispersion and finishing in an electrolytical
polishing machine. Conventional diffraction experiments
in reflection geometry were performed with Co Kα radia-
tion using a collimator (0.3 mm) and a total integration
time of 2000 s. By contrast, diffraction experiments in
transmission geometry were performed at the high energy
materials science beamline HARWI-II operated by the
Helmholtz–Zentrum Geesthacht at HASYLAB, DESY.
The monochromator was tuned to a photon energy of
100 keV corresponding to a wavelength of 0.124 Å. The
Debye–Scherrer rings were recorded during an exposure
time of 1 s with a flat panel detector of type MAR555.
Powder diffractograms were obtained by azimuthal inte-
gration and evaluated by a Rietveld refinement using the
commercial software TOPAS in the academic version 4.0.
From the refined pattern the phase fraction of austen-
ite and the austenite lattice parameter were extracted to
monitor the phase transformation and the carbon con-
tent, which is related to the austenite lattice parameter.
The heat treatment was effectuated in a state-of-the-art
dilatometer (Bähr Thermoanalyse 805AD) modified for
in situ measurements at a synchrotron beamline. Induc-
tive heating with 25 K/s and Ar gas cooling with a con-
trolled t8/5-time of 17 s were applied. Results are pre-
sented for 2 step Q&P of the alloy QPSN with a quench
temperature QT = 280 ◦C and a partitioning time of 70 s
at the partitioning temperature PT = 450 ◦C.

3. Results and discussion
A relative advantage of the usual X-ray tube based

characterization of steel is the resulting penetration

depth on the micron scale. For comparison, electron
backscatter diffraction typically probes only some ten
nanometers underneath the surface. In Fig. 3a the pene-
tration depth of X-rays in iron is shown as a function of
the photon energy. The dip at 7.2 keV is caused by the K-
-absorption edge of iron, reducing the penetration depth
from more than 20 to less than 5 µm. Single-wavelength
diffraction experiments with laboratory X-ray tubes em-
ploy the characteristic radiation emitted by the tar-
get material, typically copper, cobalt or molybdenum.
With photon energies (Kα-lines) of 8.0 keV, 6.9 keV and
17.4 keV, respectively, the penetration depths remain on
the micron scale [17].

Fig. 3. Penetration depth in iron as function of the
photon energy (a) and photon flux at the HARWI-II
beamline (b). For comparison, the shaded area indicates
roughly the operation range of typical laboratory X-ray
tubes.

By contrast, at a synchrotron the photon energy is not
restricted to certain values, and much higher energies are
available at excellent flux. It should be noted that al-
ready for 60 keV photons the penetration depth reaches
the millimeter scale. Consequently, macroscopic volumes
of sheet steel can be probed [18]. At the HARWI-II beam-
line used here, photon energies between 60 and 240 keV
are available with a (monochromatic) photon flux sev-
eral orders of magnitude higher than that of laboratory
tubes (cf. Fig. 3b). As a result, the exposure time can
be reduced to seconds compared to hours necessary with
X-ray tubes.

In Fig. 4 two diffractograms of the automotive TRIP-
-steel HCT690T are displayed, which were obtained by
diffraction experiments with synchrotron radiation at
100 keV and by Co Kα radiation. Though the angular
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range is necessarily much smaller for the high energy ra-
diation, the large number of detected peaks is obvious,
resulting from the much larger part of reciprocal space
accessible with 100 keV radiation [18]. Additionally, the
peaks are more distinct, for example the {220}fcc peak is
clearly separated using synchrotron radiation but hardly
distinguishable from the background using Co radiation.
Hence a better quantitative analysis of the diffraction
pattern can be expected from synchrotron experiments.

Fig. 4. Diffractograms of TRIP steel HCT690T ob-
tained by diffraction experiments with synchrotron
(100 keV) and Co Kα (6.9 keV) radiation.

Fig. 5. Measured time–temperature cycle of 2 step
Q&P (steel QPSN). Symbols indicate diffraction exper-
iments.

The microstructure evolution was investigated in situ
during 2 step Q&P processing of the alloy QPSN. Fig-
ure 5 shows the time–temperature cycle with diffrac-
tion experiments indicated as points, with open and full
symbols referring to different runs. It should be men-
tioned that the time interval between two successive ex-
posures was limited in practice by technical aspects of
the detector.

In Fig. 6, exemplary 2D diffraction patterns are shown
which were recorded at the austenizing temperature AT

Fig. 6. Recorded diffraction patterns at the austeniz-
ing temperature AT (a) and after Q&P processing at
room temperature (b), diffractograms at various pro-
cess steps obtained by azimuthal integration (c).

and at room temperature RT after Q&P processing. For
quantitative analysis, the diffraction patterns were az-
imuthally integrated resulting in powder diffractograms
(Fig. 6c). The data already allow us a qualitative evalua-
tion of the experiments. Evidently, the intensity pattern
is of the Debye–Scherrer type, although the rings are not
completely occupied at AT. This is because individual
grains are subject to coarsening during holding at the el-
evated temperature of 950 ◦C, resulting in texture. The
latter may be used to characterize (and ultimately op-
timize) the austenizing process especially for cold rolled
steel strip, which is heat-treated to properly adjust the
desired microstructure. For homogeneous properties the
rolling texture should be significantly reduced which can
be validated by the occupation of the Debye–Scherrer
rings. In the course of the heat treatment the change of
the peak positions and intensities is obvious for both the
Debye–Scherrer rings and the integrated diffractograms.
The decisive steps of the microstructural evolution are
hence visible at a glance and are easily identified as a
starting point for further investigations.

Quantitative results obtained by the Rietveld refine-
ment are displayed in Fig. 7. The austenite fraction de-
creases significantly during continuous cooling from AT
to QT and further during cooling from PT to RT owing
to phase transformations. Additionally, an isothermal
phase transformation seems to take place at PT. The re-
heating from QT to PT has a negligible effect on the
austenite fraction compared to the isothermal decrease
in the first 30 s at PT. Between 30 and 60 s at PT, only
a marginal change in the austenite fraction is measured.
At room temperature more than 15% retained austenite
are stabilized. As expected, the austenite lattice param-
eter changes during the Q&P process, illustrated by the
severe jump from ca. 3.615 Å at 400 ◦C to around 3.630 Å
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Fig. 7. Austenite fraction and lattice parameter during
Q&P processing (AT = 950 ◦C/300 s, QT = 280 ◦C/5 s,
PT = 450 ◦C/70 s). Open and full data points refer to
different runs.

at 450 ◦C. This is an indicator for the austenite carbon
content: the larger the lattice parameter, the higher the
carbon content. The two measured values of the austen-
ite lattice parameter at the partitioning temperature do
not change significantly. This suggests that no (further)
carbon enrichment of austenite occurs after 30 s for the
given Q&P conditions.

4. Conclusions

In summary, the promising “quenching and partition-
ing” heat treatment results in a complex microstructure
with martensitic and austenitic constituents on a submi-
cron scale. The use of hard synchrotron X-ray radiation
provides an ideal instrument for the investigation of the
microstructure evolution during the heat treatment pro-
cess. Photon energies above 60 keV allow us the pen-
etration of steel sheets on the mm scale without prior
preparation and the investigation of macroscopic, repre-
sentative sample volumes. The combination of a short
X-ray wavelength with a flat panel detector provides ac-
cess to a large part of reciprocal space in one experiment.
As a result also highly indexed peaks are detected and
contribute to the quantitative analysis of the phase con-
stituents. Due to the high photon flux the exposure time
is reduced to one second, allowing for an in situ monitor-
ing of the microstructure development during the heat
treatment process.

The method was successfully applied for the investiga-
tion of a Si-/Ni-alloyed TRIP steel. An austenite trans-
formation during continuous cooling and isothermal par-
titioning was observed and quantified. The nearly con-
stant austenite lattice parameter indicates that no fur-
ther carbon enrichment took place after 30 s at PT for
the investigated Q&P conditions.

As a next step, the experiments will be extended to the
mechanical properties of the resulting microstructures.
In the future it will be interesting to follow Q&P pro-
cesses with improved time resolution, since sub-second

exposure times are expected for the next detector gener-
ation.
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