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Transmission energy dispersive
X-ray diffraction as a tool for the
laboratory study of fast processes
In metals
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In this work, an in-situ study of phase transitions in low-carbon steel is presented. The phase changes
were monitored by the transmission energy dispersive X-ray diffraction technique during the heating,
annealing and quenching cycle of the sample under standard laboratory conditions. During energy
dispersive X-ray diffraction, the sample volume was transmitted with a pencil beam generated by a
standard polychromatic X-ray tube without any spectral filtering. Two-dimensional polychromatic
diffraction images were acquired by a Timepix 3 pixelated detector. This detector is capable of
achieving a throughput of up to 38 Mhits/s in continuous stream mode using USB 3.0 interface. For
each detected photon, its position is known with an accuracy of 55 pm in the detector plane and its
energy with a resolution of 4 keV at 60 keV. The recorded polychromatic data is then recomputed to
get the equivalent monochromatic XRD pattern that would be produced using a monochromatic X-ray
source. Thanks to the 90 kV voltage potential of the X-ray tube, the polychromatic pencil beam was
able to pass through a highly attenuating sample made of 1.5 thick steel sheet. In addition, by utilizing
the entire X-ray spectrum, the pencil beam has a sufficiently high brilliance to obtain XRD patterns
rapidly enough to investigate relatively fast processes with temporal resolution of 10 s. It made to
possible to analyze the phase transitions in a polycrystalline sample during its temperature treatment
under standard laboratory conditions.

In all areas of industry, there is a constant demand for products with complex shapes and the best possible
mechanical properties at a low price. One of the ways to achieve this goal and to meet the demanding
requirements of designers is the use of high-strength, low-alloy steels processed by advanced heat treatment
procedures. Related advanced high-strength steels (AHSS)! and ultra-high strength steels (UHSS)? have very
complex and hierarchical microstructures made up of ferrite, austenite, bainite, and a martensite matrix, as
well as duplex or multiphase mixes of these elements supplemented with precipitates. Thanks to the excellent
properties of high-strength steels, the possibilities of their use are continuously growing, while new technologies
are being sought to further improve their mechanical properties. One of the procedures is Quenching and
Partitioning (Q-P)3, which is closely related to processes using the partial clouding of steel with a subsequent
redistribution of carbon, and it represents one of the modern methods of the heat treatment of high-strength
steels. The resultant mechanical properties of steel treated by the Q-P procedure depend on the heat-treatment
profile?, where possibly applied mechanical loading may play a role®. It is therefore highly desirable to test various
heat-treatment profiles, possibly accompanied by mechanical loading, on the resulting microstructure of the
steel under investigation. Obviously, such experimental work must be carried out on a bulk sample during the
process under investigation, and the sample should be of sufficient thickness/volume to ensure that the internal
temperature is approximately uniform during the test, even if an unavoidable temperature gradient appears on
the surface of the sample. In order to understand the processes occurring during heat treatment, it is of course
necessary to observe the kinematics of the phase changes in the steel. The well-established X-ray diffraction
method is routinely used to characterize crystalline materials. In this work, a newly developed laboratory
variant of the XRD system was used. The main objective of this development was to provide the ability to test a

Linstitute of Theoretical and Applied Mechanics, Czech Academy of Sciences, Prosecka 809/76, 190 00 Prague,
Czech Republic. 2Faculty of Electrical Engineering, University of West Bohemia, Univerzitni 2795/26, 301 00 Pilsen,
Czech Republic. 3Advacam, U Pergamenky 12, 170 00 Prague, Czech Republic. “Institute of Experimental and
Applied Physics, Czech Technical University in Prague, Husova 5, 110 00 Prague, Czech Republic. °COMTES FHT a.s,
DobFany, Czech Republic. email: vavrik@itam.cas.cz

Scientific Reports|  (2025) 15:31752 | https://doi.org/10.1038/541598-025-16314-9 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-16314-9&domain=pdf&date_stamp=2025-11-29

www.nature.com/scientificreports/

wide range of samples with sufficient temporal resolution during different heat-treatment temperature profiles,
possibly with external mechanical loading.

The problem of the time-resolved study of phase transformation within bulk material has been successfully
solved in recent years by the high energy X-ray diffraction (HEXRD) method>!°. HEXRD, based on high energy
(>80 keV) and intensive monochromatic synchrotron radiation, enables the transmission of bulk samples, while
the time resolution ranges from seconds® to tenths of a second® depending on the synchrotron X-ray source used
and the material tested. If material under study is homogeneous and isotropic, the diffraction pattern recorded
by the 2D detector has the form of the concentric circles—Debye Scherrer (DS) rings. While each ring related
to the specific diffraction angle corresponds to the specific crystalline lattice plane—lattice parameters can be
measured this way. And, where appropriate, the relative proportions of the constituents of complex materials can
be derived by analyzing the diffraction pattern®’. DS rings themselves are formed from huge amounts of reflection
spots caused by individual crystals. When a polycrystalline material is texture free, the intensity along DS rings
is constant. On other hand, texture causes variations of the intensity along the DS rings, and the diffracted
intensity originates from different texture components>®. If some tensile strain is present, DS circles are changed
into ellipses; the local lattice strain-stress tensor can be derived on this basis®!°. Increasing temperature causes
expansion of the DS rings, as it allows studying the related dependence of the lattice parameters on temperature’.
In addition, a detailed analysis of DS rings allows studying the evolution of steel fractions during heat treatment
(occurrence/disappearance of the DS rings)®!. In the case of a limited number of crystals in the sample and
a high-resolution 2D detector, it is possible to reconstruct the 3D structure of crystalline materials using the
principles of computed tomography, where the shapes and orientations of single crystals are obtained. For this
purpose, diffraction patterns and images of X-ray attenuation during sample rotation are recorded. A related
technique is known as HEXRD microscopy!’.

In general, not only for HEXRD, if no strain or preferred orientation is present a radial or circular integration
can be carried out to give a 1D diffraction pattern. It allows reduction of the measurement time and/or
improvement in the temporal resolution in relation to the kinetics of the time dependent processes (phase
transformation of the steel in our case). However, besides the power of the HEXRD technique, it is not obviously
available for routine measurements in daily practice. Therefore, the main objective of this work is to enable the
study of phase transformation in bulk material with appropriate temporal resolution under standard laboratory
conditions, thus allowing routine measurement on a daily basis to enable routine daily measurements.

Nowadays laboratory X-ray diffractometers have relatively low X-ray beam intensity and limited X-ray
photon energy!2. Therefore, such diffractometers are not appropriate to examine larger bulk samples, especially if
a reasonable temporal resolution is needed. Such limitation was overcome by introducing the Energy Dispersive
X-Ray Diffraction (EDXRD) technique'. This technique uses the whole spectrum of the X-ray tube, including
high energies similar to the HEXRD method. Therefore, XRD measurement can be done fast, and even bulk
metal samples can be measured in transmission mode in this way. Initially, it was only possible to study 1D
diffraction patterns because the necessary energy dispersive detector was only available as a strip detector, see!*
for instance. Relatively recently, the EDXRD method has been enhanced, and new 2D energy dispersive pixel
detectors make possible the direct recording and analysis of 2D diffraction patterns. Detectors based on pnCCD
technology showed excellent performance for synchrotron diffraction setups!>~'8. While single photon counting
detector HEXITEC was used for XRD analysis in!®?°. Timepix 3 detector?! used in this work has similar
properties. Since this 2D detector have so far approximately one order of magnitude worse energy resolution
than conventional detectors, extended data analysis based on Rietveld refinement method?? is necessary to
obtain detailed diffractograms. However, the high efficiency of EDXRD also makes it possible to study relatively
fast processes such as heat treatment of steel.

Virtual monochromatization of the polychromatic diffraction pattern utilizing
energy dispersive detector
EDXRD technique utilized for investigation of the bulk material is partially similar to the HEXRD method.
A collimated high energy X-ray beam transmits the sample, and the diffraction pattern is registered by the
planar, energy dispersive detector. A significant difference is that, contrary to HEXRD, the X-ray beam is not
monochromatic. A related EDXRD experimental arrangement is depicted in Fig. 1.

The diffractogram produced by a polychromatic source does not have a clear structure, because it is actually
a mixture of many diffractograms produced by the entire X-ray beam spectrum. However, such a polychromatic
diffractogram can be virtually monochromatized. It can be converted to a monochromatic equivalent like in
a standard diffraction method, if information about the energy and diffraction angle of each single photon is
known. For such a purpose, an energy-dispersive detector is needed. Although another detector shape would be
possible, we are using a Timepix 3 planar detector!® in our work. Using it, the incident position of each registered
photon is known. Therefore, its diffraction and azimuth angle can be calculated as follows, supposing that the
pencil beam targets into the detector center (see Fig. 1):

(jmaz + 1)
2

(imaz + 1)

X=|J-

:|-px—dgc;Y—|:I— :|-px—dy (1)

where X and Y are matrixes of the individual pixel x and y coordinates, while the center of the detector is at the
orgin of the Cartesian coordinate system. This center can be shifted by the difference [d , dy], if the pencil beam
transmitting the specimen doesn’t exactly pass the detector center. Matrices I and ] represent pixel indexes, while
Jmax @0d i, denote maximal indexes in the x and y directions, respectively. Also, px is the pixel pitch. Written in
matrix form, azimuth angle ® can be calculated as:
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Fig. 1. Schematic drawing of diffraction geometry: X-ray pencil beam passes the sample; its axis should be
identical with the detector center. The diffraction pattern is recorded by the planar pixelated detector placed at
distance Z, from the specimen.
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Regarding virtual monochromatization, we can assume that the X-ray diffraction pattern will have the same
shape for each X-ray beam energy and will differ only in scale. This means that, for example, DS circle changes
only in their diameter, depending on the energy of the X-ray beam. It follows that, knowing the energy and
position on the detector of each photon registered, all energy-dependent diffraction patterns can be rescaled to
an identical one with a suitably chosen reference energy. Thus, we can explain such a statement on the basis of
a Bragg’s law equation:

nA, = 2d - sinf, (3)
NnAe = 2d - sinb, (4)

where n is the diffraction order, and A_is the wavelength of X-ray photons. Index r denotes its reference value,
and index a denotes the actually measured wavelength. Variable d is the distance between specific lattice planes,
which is the same for both wavelengths. 6 is the diffraction angle for the reference wavelength, and 6, is the
diffraction angle for the actual photon wavelength. If reference photon energy e, differs from actual energy e,
with ratio k, we can write:

€a _ Ar
k= ; - )\a’ (5)
Dividing Egs. (3) by Eq. (4), we obtain:
sinf,
k= sinf, ©

With a given distance between an object (diffracting crystal) and detector plane Z; and measured radius r, of
the registered photon from the beam center at the detector plane (i.e. distance in the polar coordinates), we can
measure the actual diffraction angle 26, at azimuth angle ¢ as follows:

1T
20, = tan 1Z—d (7)

Similarly, for a photon with a reference wavelength, we can write:

Tr
tan20, = —,
an20, 7

hence

rr = zqtan20, (8)
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Diffraction angle 26, of the photon with measured energy e, is related to diffraction angle 6, of the photon with
reference energy e_by Eq. (5), i.e.:

sinf, = k - sin (%tan_l%) 9)

Now, we can express radius r, which refers to a photon with reference energy e :

rr = 24 - tan2-sin ! (k - sin (%tan71%)> (10)

Using Eq. (10), for all photons with different energies which satisfy Bragg’s law at a given lattice plane distance
d, the radius r_ is recalculated to radius r, like they have the same reference energy. All photons lay on the same
reference raditis r, forming one DS circle or one diffraction peak on the 1D diffraction pattern, if the azimuthal
angle is not taken into account (circular integration). Thanks to this, all photons that have passed through the
sample can be used for diffraction analysis. Diffraction measurements can thus be performed quickly, with
relatively good temporal resolution.

Experimental setup

The experimental setup is shown in Fig. 2. An industrial GE Isovolt 160 M2/0.4-3.0 tube (1) was used as a
polychromatic X-ray source. The tube was installed together with a pencil-beam collimator (2) with a square
aperture of 0.5x0.5 mm on a vertical stage (3). The pencil beam passes through the steel sample (4), which is
fixed in the clamps of the thermomechanical processing simulator (5). The diftfracted photons are registered
by a camera equipped with a Timepix 3 detector (6), along with information about their position and energy.
The Timepix 3 detector is water cooled to maintain a constant temperature of 20 °C, ensuring a stable energy
response of the detector.

Fig. 2. Experimental setup. 1—X-ray tube, 2—pair of double slit collimator; 3—vertical stage holding
collimator with positioning system; 4—specimen; 5—top grip of the simulator with water cooling; 6—
Timepix 3 detector; 7—four axis positioning of the collimator; 8—vertical stage with three axis positioning
of the detector; 9—jets for air cooling of the specimen; 10—resonant heating of the specimen with cables
connected with the specimen.
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The X-ray tube is shielded by lead of 1 cm thickness to suppress the leakage of X-rays from the tube body.
The X-ray beam is pre-collimated with a lead cylinder. Then, it is collimated into a pencil-beam shape by the pair
of double slits made from 9.5 mm thick lead glass, which are installed in a common frame. The resultant pencil
beam has a square cross Section 0.5x 0.5 mm. The position of the collimator frame is adjusted against the tube
spot by the positioning stage (7), which is mounted from two rotations and two linear axes. This allows the signal
registered by the detector to be maximized, i.e. the collimating slits are fully opened. Similarly, the position of
the detector relative to the beam is positioned by stage (8). It has one vertical and one horizontal axis to have the
pencil beam pointed at the center of the Timepix 3 detector. A beam stopper, blocking direct view of the X-ray
beam, is mounted directly on the Timepix 3 detector cover window; after aligning the axis of the pencil beam to
the center of the detector. All axes are driven by stepper motors, allowing positioning via computer.

A thermomechanical treatment simulator?? is equipped with air and water moisture jets (9). These jets ensure
precise control of the heat treatment profile by utilizing a dedicated PLC (not visible in Fig. 2). A temperature
probe, for ensuring temperature control, is bonded onto the specimen. The specimen itself is threatened by direct
ohmic heating. The heating process is controlled by a resonant frequency converter (10) with a maximum power
of 9 kW at 16 kHz. The maximum heating and cooling capability is 100 °C/s. Tensile strain can be realized by the
20 kg payload at the bottom of this simulator. The operator designs a temperature profile using a spreadsheet or
graphical interface, which is followed by the PLC regulator.

The Timepix 3 hybrid pixelated detector?** can record time-of-arrival (ToA) and time-over-threshold
(ToT) simultaneously in each pixel. The ToT mode used in this work, enabling the energy measurement of
each registered photon, is used in this work. ToT has 10 bit depth with maximum event rate of 1.3 kHz per
pixel (85 MHz per device). The Timepix 3 chip, containing 256 x 256 pixels (55 x 55 um?), has an active area of
14x 14 mm and can be equipped with various sensors in terms of material and thickness. Its energy calibration
is done utilizing several well defined radiation sources—XREF targets plus isotope source, see*® for more details
about this procedure. An example of the spectra of the 2! Am isotope source, encapsulated in stainless steel
foil, measured by the Timepix 3 detector is depicted in Fig. 3. For this work, a Timepix 3 detector equipped
with a 500 um thick silicon sensor was used. This detector offers a reasonable efficiency of 1.5% for a given
spectrum of X-rays passing through the sample, while offering two times better energy resolution (FWHM is
typically ~ 4 keV) than a CdTe sensor (FWHM ~ 8.5 keV). Both resolutions were measured at 59.54 keV (241Am
gamma source). Therefore, the Timepix 3 detector with a Si sensor was chosen for this work, even though CdTe
has a much higher efficiency of 77% under the same experimental conditions. Using a CdTe sensor would have
required a larger distance between the sample and the detector with respect to the readability of the diffraction
patterning, hence a detector with a larger active area than it was available during this work measurement.

The Timepix 3 detector has a data-driven readout architecture that allows for a readout of each hit pixel.
It can achieve a throughput of up to 38 Mhits/s by utilizing a USB 3.0-based interface, further details about
the detector architecture can be found in?. The Timepix 3 device is controlled by the PIXet software?. The
complete device is manufactured by Advacam Ltd., Prague, Czech Republic under the name AdvaPIX. The data
is read as a continuous stream mode, where the pixel coordinates and measured energy are available for each
registered photon. The continuous stream mode ensures that the probability of more than one event occurring
in a particular detector pixel is negligible, contrary to the sequential (frame-based) mode. The recorded data
were then processed by a specialized plug-in module that is part of PIXet software (PIXet Pro 1.8.3., https://
advacam.com/camera/pixet-software/) A full-energy spectrum for each detector pixel is obtained in this way,
i.e. Timepix 3 can work as an energy dispersive detector. During the experiment, the Timepix 3 detector was
covered with aluminum foil to reflect the intense thermal radiation coming from the heated sample; otherwise,
the detector could have been damaged. A beam stopper made of lead was installed in front of the sensor center
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Fig. 3. Spectrum of the 241 Am isotope source measured by the Timepix 3 detector with Si sensor consist from
lines with energy13.95, 17.74, 20.8, 26.35 and 59.54 keV. Back scattering peak is visible at ~ 50 keV.
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utilizing a plastic holder. The beam stopper holder, practically fully transparent for X-rays above 20 kV; is made
of plastic utilizing a 3D printer.

Rietveld refinement adapted for the EDXR technique

For reliable identification of diffraction peaks, Rietveld refinement?? is usually used. The Rietveld analysis is today
widely used for most common X-ray diffraction powder technique. Available related analytical software, listed
in?’ for instance, incorporate specific properties of the commercially available powder X-ray diffractometers.
Recently, such software was utilized also for HEXRD?%%, regardless of other physical phenomena caused by the
passing of the pencil beam through the sample in contrast to the powder XRD technique. In this work, it was
found that these phenomena could have quite a significant effect on the resulting XRD pattern.

For Rietveld refinement applied for transmission EDXRD, it is necessary to have relevant theoretical model
of the whole setup including X-ray spectrum; detector efficiency (with dependence on photon energy); energy
resolution and granularity of the detector; positions and relative intensity of the expected diffraction peaks.
The theoretical broadening of diffraction peaks at a given X-ray beam spectrum is determined by the energy
resolution of the detector, the properties of the X—ray pencil beam collimator, the thickness of the material
under examination and the distance between the sample and the detector. The theoretical positions of the
diffraction peaks were calculated using Bragg’s law, and their relative intensities were taken from™. It should
be emphasized that although the angles of photon diffraction were recalculated to obtain diffractograms as if a
monochromatic X-ray source was used, other energy-dependent parameters, such as attenuation, efficiency, or
peak broadening, have to be calculated for the original photon energy.

An example of a simulated X-ray spectra of an X-ray tube with a tungsten target at a voltage potential of
90 kVp is shown in Fig. 4. Energy bins were selected identical with these ones for Timepix 3 measurement.
Characteristic K and K, peaks of the tungsten are visible. The red curve shows the spectrum detected by a
Timepix 3 detector with a 500 pm thick CdTe sensor after transmission through the 1.5 mm specimen. Although
the spectrum for the Si sensor is practically identical in shape, its intensity is 50 times lower, so it is not plotted
here.

Note that the emitted spectrum has almost zero intensity below 40 keV, so all photons below this value
were excluded during data processing, thus significantly suppressing the effect of Compton scattering. As a
consequence, the fluorescence signal emitted from the steel under investigation is not present in the resulting
spectrum.

The complete physical model of the diffraction device allows to analyze the individual factors influencing the
diffraction peak broadening. The resulting peak broadening is determined by the convolution of several main
factors.

Energy resolution of the detector has a constant effect on the broadening of the diffraction angle. Note that,
in accordance with Bragg’s law (3), the spectrum of transmitted X-ray photons must be taken into account
when calculating the resulting peak broadening. As a result, a larger distance leads to greater diffusion of the
diffraction peaks in the detector plane caused by the detector energy resolution. The difference between the
diffraction patterns for both sensors is shown in Fig. 5, for conditions including an identical object-detector
distance of 37.5 mm, a collimator width of 0.5 mm, a specimen thickness of 1.5 mm, an X-ray tube voltage
potential of 90 kVp, and a 0.6/0.4 mixture of a-Fe and y-Fe fractions. Since Timepix 3 with a Si sensor has better
energy resolution than a CdTe sensor, its effect on the overall FWHM is lower, although still significant.

Thickness of the transmitted specimen influences peak broadening as the photon interaction near to the
surface closest to the X-ray source causes wider diffraction angle than the photon reflected in a point exiting
specimen on the detector side. Peak broadening p, width (i.e. not angular) caused by the specimen thickness ¢
can be expressed by the following equation:

pp =t - tan20,, (11
1
—Source
0.8 Transmitted
—Detected
= 06
c
oo
>
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Fig. 4. The simulated X-ray tube spectrum is plotted in blue. The red curve represents the spectrum after the
beam passed through a 1.5 mm thick steel sample, showing negligible intensity up to 40 keV. The green curve
displays the spectrum of photons detected by the CdTe Timepix 3 detector.
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a) 60% o, t1.5 mm, Z437.5 mm, collim. 0.5 mm, b) 60% o, t1.5mm, Z;37.5 mm, collim. 0.5 mm,
90 kVp, Si, eff. 1.5%, FWHM 0.94 deg 90 kVp, CdTe, eff. 77%, FWHM 1.2 deg
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Fig. 5. Comparison of the energy resolution of Timepix 3 devices equipped with Si and CdTe sensors: (a)
individual diffraction peaks are better separated for the Si sensor, with a total FWHM of 0.94°, which is 50%
determined by the beam width, 18% by the sample thickness, and 32% by the energy resolution of the detector;
(b) while for the CdTe sensor with a total FWHM of 1.2°, which is 36% given by the beam width, 13% by the
sample thickness, and 51% by the energy resolution of the detector.
a) 30%a, t1.5mm, Z;65 mm, collim. 0.2 mm, b 30% a, t 10 mm, Z,65 mm, collim. 0.2 mm,
160 kVp, CdTe, FWHM 0.79 deg, trans 21.5 % 160 kVp, CdTe, FWHM 0.77 deg, trans 0.9 %
14 14
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Fig. 6. Diffraction pattern (a) for 1.5 mm thick sample has slightly worse FWHM, which is 13% determined
by the beam width, 12% by the sample thickness, and 75% by the energy resolution of the detector; than (b)
FWHM for 10 mm thick specimen, 8% caused by the beam width, 47% by the sample thickness and 45% by the
detector.

where 0, is the diffraction angle of a photon with energy e,. A thicker specimen generally causes a broader
diffraction peak, an effect that decreases as the energy of the incident photon increases. In addition, with a
polychromatic X-ray source and the well-known beam hardening effect (i.e., softer photons are attenuated more
readily), a thicker specimen leads to a lower fraction of photons with larger diffraction angles. Consequently, the
angular peak broadening can be lower for a thick specimen than for a thin one, as documented in Fig. 6. This
is shown by comparing case a), with a specimen thickness of 1.5 mm, and case b), with a specimen thickness of
10 mm.

Both cases were simulated for an object-detector distance of 65 mm, a collimator width of 0.2 mm, an X-ray
tube voltage potential of 160 kVp, and a 0.3/0.7 mixture of a-Fe and y-Fe fractions. Note that although the
thicker specimen exhibits a lower total FWHM, it attenuated X-rays 24 times more than the thin one.
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The diameter of the pencil beam has a similar effect to the thickness of the sample. A larger diameter causes a
wider diffraction peak and vice versa. On the other hand, a smaller beam diameter provides a lower intensity of
the resulting beam. Similar to the effect of sample thickness, this source of beam broadening is not angular if the
beam divergence is negligible compared to the distance of the sample from the detector (as is usually required).
As a result, the relative contribution of the pencil beam profile to the total FWHM decreases with increasing
distance of the sample from the detector. Note that although the pencil beam trace is ideally trapezoidal in shape,
in reality it is square with exponential wings—this factor is another parameter that can be taken into account in
Rietveld analysis.

Increasing the distance between the sample and the detector improves the recognisability of individual peaks
in the diffraction pattern. This effect is shown by comparing Fig. 5 with Fig. 7, where the behaviour of both the
Siand CdTe sensors is demonstrated. For the data in Fig. 7, an object-detector distance of 100 mm, a collimator
width of 0.2 mm, an X-ray tube voltage potential of 160 kVp, and a 0.5/0.5 mixture of a-Fe and y-Fe fractions
were used.

Although increasing the distance between the sample and the detector helps, it must be taken into account
that its maximum value is limited by the size of the active area of the detector used, so the distance was set to
37.5 mm. Similarly, due to the properties of the collimator (limited X-ray attenuation ability) the tube voltage
was limited to 90 kVp.

Measurement

The specimen of low-alloy nickel-chromium steel containing 0.4% carbon had the shape of a strip 50 mm wide
and 1.5 mm thick, which was fixed in the thermomechanical processing simulator. The heat was linearly raised
7.5 K/s up to 750 °C of the austenitic transformation, 100 s after beginning the experiment. Quenching in air was
realized at two steps—the bainitic (200-300 s) at 450 °C and martensitic transition (500-600 s) at 200 °C with
cooling of 3 K/s. The maximal error was at ambient temperature (18.1 °C). The error is in the tolerance band
of +5°C. Whole temperature diagram is plotted in Fig. 8, where the power consumption of the thermomechanical
treatment simulator is shown as well. It can be seen that the peaks in energy consumption are related to phase
transitions—especially during cooling. Due to the energy consumed by recrystallization between 200 and 240 s,
the thermal energy input required to maintain the prescribed temperature profile increased significantly.

During diffraction measurement, the GE Isovolt X-ray tube was operated at 90 kV and 7 mA in the small
focal spot mode, having a spot size of 1 mm. The cross section of the pencil-beam aperture was 5 x smaller than
the tube spot size; therefore, 80% of the photons didn't pass through the collimator. Note that the large focus
mode of the X-ray tube, allowing a higher tube current, leads to a lower photon emission density on the target,
while the effective pencil-beam intensity is then practically the same. It was not possible to use higher voltage,
because it caused too intense scattering on the beam stopper which was used.

During 700 s of thermal processing of the sample, a total of 1.5 million photons were detected by the
Timepix 3 detector, which is three orders of magnitude less than the capability of the Timepix 3. The collimator-
sample-detector distances was set on 37.5 mm, which ensures that the expected DS rings remain inside the active
area of the detector, which in our case is relatively small (14 x 14 mm).

50%0., t1.5 mm, Z;100 mm, collim. 0.2 mm, b) 50% o, t1.5 mm, Z; 100 mm, collim. 0.2 mm,
160 kVp, Si, efficiency 0.9%, FWHM 0.47 deg 160 kVp, CdTe, efficiency 60%, FWHM 0.82 deg
-~ (110)0 — (111)y ik - (110)d — (11d)y
---- (200)a —— (200)y - ---- (200)a —— (200)y
---- (211)a — (220)y ‘ ---- (211)a —— (220)y
---- (220)a — (311)y id ---- (220)a — (311)y
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"
| =
v 0.8
E
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/\N\A )
6 9 12 15 3 6 9 12 15
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Fig. 7. Increasing the distance between the sample and the detector improves the identification of diffraction
peaks. For the Si sensor, the diffraction pattern’s FWHM is almost two times lower than that of the CdTe
sensor. The contribution of the detector’s energy resolution to the total FWHM is 70% for the Si sensor and
82% for the CdTe sensor.
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Fig. 8. Temperature diagram along with simulator power consumption. The peak energy consumption shows
the start of austenitisation at 90 s. Cooling started at 200 s. This was followed by bainitic transformation in the
time interval 300-400 s and martensitic transformation in the interval 500-600 s.
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Fig. 9. Polychromatic diffraction image taken during the first 10 s. The colors correspond to the energy of the
recorded photons.

Experimental data processing and diffraction pattern analysis

Correction of the pencil beam position

Concerning data processing, the photons acquired by the Timepix 3 detector were sorted by energy into 1 keV
bins. To obtain reasonable data statistics, these data were processed with 10 s’ integration time, i.e. a total of 70
data sets were analyzed to show the time evolution of the steel-lattice parameters. An example of the image,
where the energy of each photon is shown in color representation, is depicted in Fig. 9. The data recorded during
first 10 s are visualized below. Coordinate [0,0] corresponds to the axis of the pencil beam. The data behind the
beam stopper were masked for a better clarity. It is clearly visible that higher energies are closer to the image
center and that lower energy photons are farther out, respectively. For illustration, such an image obtained over
a time period of 190-200 s, is depicted in Fig. 10. It is visible that the second image is different from the previous
image.

Polychromatic diffraction data were transformed into virtually monochromatic diffraction patterns for the
whole heating profile with a time step of 10 s according to Eq. (10), where reference value 50 k eV was chosen.
As mentioned above, the data were sorted with an energy bin equal to 1 keV. To avoid ambiguity, events where
more than one photon was count in one particular pixel were excluded during monochromatization for each
energy bin. This situation occurred mainly in the area influenced by the scattering caused by the beam stopper.
The Cartesian coordinates of the detector pixels were of course first transformed to polar coordinates utilizing
Egs. (1) and (2). An example of such processed data is depicted in Fig. 11, which corresponds to the end of the
experiment. The vertical axis has the meaning of the radial distance of a particular pixel from the center of the
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Fig. 10. Polychromatic diffraction pattern recorded at the end of the austenitization temperature.
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Fig. 11. Diffraction data from the time period 690-700 s, recalculated into equivalent energy of 50 kV, polar
coordinates. Pencil-beam position is not corrected.

detector (for it is equal to zero), the maximum radius corresponds to one-half of the detector diagonal. The
horizontal axis represents the azimuthal angle (see Fig. 1). The first peak, marked by the red line, corresponds to
diffraction plane (110)a; however, in polar coordinates, it should have the form of a straight line, except for the
deformed material (not in our case). The reason for such a situation is misalignment of the pencil-beam axis and
the detector center at the beginning of the measurement. This results in consequent drifting of the X-ray tube
focal spot, which is expected for the industrial tube type used. Correction of the beam axis position was done by
numerical minimization of amplitudes b and c of the fitting function:

fasops0=a+b-sin(p — o)+ c-cos (e — ¢o) (12)

Variable a denotes the position of the first diffraction peak, ¢ is the azimuth angle, and ¢, is the angle shift. Note
that amplitude values b and c are changing varying differences [dx, dy] in Eq. (1). These amplitudes are zero, if
the position of the beam axis is correctly determined and the sample is not strained. It was found that the beam
axis misalignment at the beginning was 0.075 mm. This misalignment grew up to the maximal value at the end
of the experiment, where it reached 0.14 mm (2.5 pixels). In addition, it was found that detected amplitudes b
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Fig. 12. Diffraction data from the time period 690-700 s. Pencil-beam position is corrected. Almost all dots
represent a single event (during 10 s).
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Fig. 13. Monochromatized diffraction pattern from the time period 0-10 s, recalculated into equivalent
energy of 50 kV, Cartesian coordinates.

and ¢ are almost equal to zero; more precisely, their values are at the noise level. Therefore, a detector with a
higher resolution would be needed to measure the possibly existing very small deformation. The diffraction
image obtained using this correction is depicted in Fig. 12. As mentioned above, a total of 70 diffraction patterns,
obtained within a time period of 10 s, were processed. This includes a correction for pencil-beam position drift.
For additional analysis, these patterns were summed along the azimuth angle, i.e. circular integration was done
in this way, and a 1D diffraction pattern was obtained.

2D diffraction pattern after virtual monochromatization

The monochromatic diffraction pattern can of course be converted from polar to Cartesian coordinates to show
clearly visible DS rings. A XRD pattern related to the first ten seconds is shown in Fig. 13; compare it with
Fig. 9, where the same data are shown before monochromatization. Note that number of monochromatized
photons was practically the same as before monochromatization. Although the statistics of the data is rather
low, DB rings corresponding to the diffraction planes (110)a, (200)a and (211)a can be identified. In this case,
the circles could be fit quite reliably and thus their diameters could be found. Note that the area beyond the
detector has visualized some photons with lower energy and that these have a large diffraction angle after
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monochromatization. A pattern relating to the onset of the end of the austenitization temperature is shown in
Fig. 14. The maximum peak is clearly visible, while the others are indistinct. In addition, it will be shown in the
next section that a mixture of a-Fe and y-Fe fractions are present in this state that cannot be directly identified
in this 2D representation. However, it will be shown that these fractions can be resolved in a 1D representation
of the diffraction data using Rietveld analysis.

1D diffraction pattern after virtual monochromatization and Rietveld analysis

Circular integration (i.e., summation of diffraction data in polar coordinates over the azimuthal angle) of the
monochromatic diffraction pattern was performed at seventy 10-s intervals. The resultant time evolution of the
1D diffraction pattern is shown in Fig. 15. For the situation when the detected photons were outside the circle
enclosed by the detector area, the signal was normalized by the whole length of the circle divided by the part of
the circle lying in the detector area. The data smoothing (a floating average of 4 x 4 pixels) was done to suppress
noise for this visualization, in addition, the background caused mainly by the Compton scattering was removed.
As expected, a significant change of the scattering pattern is visible around the time period of the austenitization
temperature. The relation between time and temperature is depicted in Fig. 8.

For an analysis of the thermal treatment of the steel, a 1D diffraction pattern was analyzed by the Rietveld
refinement for each time step. Note that for Rietveld refinement, data without this smoothing with removed
background was used to preserve temporal resolution. The measured 1D diffraction patterns from the six selected
states, together with the results of the Rietveld refinement analysis, are shown in Fig. 16. For the first state at 10 s
form the experiment beginning, the first peak corresponds to (110)a, the second to (200)a, the third to (211)
a and fourth to (220)a. For the condition at 100 s, austenitization process already led to the 41% of the y-Fe.
For the last 200 s condition, when the temperature was maintained at austenitizing, a-Fe was still present; the
austenitisation process was not fully completed. The next state at the 250th second corresponds to the moment
when the power supplied by the treatment simulator dropped significantly, austenite was still present in the steel.
The following state in the 300th second corresponds to the beginning of the bainitic transformation. In the last
depicted state at the 500th second, only a-Fe is present again.

The evolution of the a-Fe/y-Fe fraction ratio is shown in Fig. 17. It shows that the onset of austenitizing
transformation was relatively slow. This transformation, once the austenitisation temperature was fully reached,
proceeded relatively slowly and was not fully completed within 200 s. The exponential fit of the austenitization
process indicated that approximately three times longer time would be required to complete the transformation.

Discussion

The analyzed diffraction peaks were quite broad, important factors influencing diffraction peak blurring was the
relatively high ratio between the pencil-beam diameter and the distance between the sample and the detector
with respect to sample thickness. The short distance between the detector and the sample also made it difficult to
separate peaks that have a small difference in diffraction angles. However, this problem was successfully solved
by Rietveld refinement considering all the parameters of the diffraction setup.

For further experimental work, a Timepix 3 detector with a cadmium telluride sensor will be used. This sensor
has 50 times better efficiency than the silicon sensor detector used in this work under the same experimental
conditions. In addition, the newly available MetalJet D2 + 160 kV X-ray tube has a focal size of only 20 x 20 um at
250W. Therefore, it will be possible to use a much smaller diameter pencil beam, which will improve the quality
of diffraction pattern imaging. Likewise, the photon fluence will not be reduced by the pencil-beam aperture,
resulting in a further fivefold increase in signal. Thus, a total of 250 times better temporal resolution can be
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Fig. 14. Monochromatized diffraction pattern from the time period 190-200 s.
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Fig. 15. Time evolution of the 1D monochromatized diffraction pattern plotted using Matlab software (version
R2019a, MathWorks®, USA). For example, the maximum peak on the left corresponds to (110)a during the first
time period of 10 s. The first change in the diffraction pattern is clearly visible at 100 s, where austenitization is
already pronounced, while the diffraction pattern returns to the initial state of the steel at 250 s.

1.0
10 sec, 98°C 100 sec, 750 °C
a-Fe =100% y-Fe=0% a-Fe =59% vy-Fe=41%
08
Data = Model
==== (110)a — (111)y
-==- (200)a —— (200)y > 06
=== (21)a  — (220)y g
---- (2200 —— (311)y g
04
0.2
0.0
6 9 12 15 3 6 9 12 15
20 [deg) 20 [deg]
1.0
250 sec, 600 °C 300 sec, 450°C
a-Fe =84% y-Fe=16% a-Fe =99% y-Fe=1%
08
Z 06
2
c
o
£
0.4
0.2
0.0

20 [deg)

9 12
20 [deg)

Intensity

Intensity

08

o
o

o
>

0.2

08

o
o

o
b

0.2

0.0

750°C
y-Fe = 86%

200 sec,
a-Fe = 14%

6 9 12 15
20 [deg)
500 sec, 200°C
a-Fe =100% y-Fe=0%

20 [deg]

Fig. 16. Selected states of the of the 1D diffraction pattern evolution. For each state, the time from the
beginning, the actual specimen temperature, and the a-Fe / y-Fe fractions are depicted in a box at the top.

Scientific Reports |

(2025) 15:31752

| https://doi.org/10.1038/s41598-025-16314-9

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

100%

80%

60%

40%

Relative fraction [%]

20%

0%

Time [s]

Fig. 17. Time evolution of the a-Fe and y-Fe fractions. Austenitisation began at 90 s from the start of the
experiment, the y-Fe fraction is larger than a-Fe from 110 s, but this transformation is not fully completed
until the onset of cooling.

expected. At the same time, a detector with 4 times more area will be used. This will allow the distance between
the detector and the sample to be increased, improving the separation of peaks with close diffraction angles.

Improved separation of diffraction peaks can be achieved by increasing the active area of the detector while
extending the distance between the sample and the detector. For this reason, a new Timepix 3 detector will be
built, consisting of four individual chips. This will have a hole in the middle to allow the pencil beam to pass
freely through it.

The next experiments are planned with a focus on precise knowledge of the steel structure and phase transition
times. Accordingly, the temperature-time profile should be set with a detailed knowledge of the ongoing steel
processes. We plan to use Al for the cooling process design!.

Conclusions

It has been shown that energy dispersive X-ray diffraction (EDXRD) can be used to analyze the austenitic phase
transition under laboratory conditions with an excellent temporal resolution of ten seconds, which is partially
comparable to the resolution of synchrotron setups. The EDXRD method can of course be used not only for steel,
but also for the observation of fast physical processes in any other metallic or non-metallic crystalline material.

EDCRD works with virtual monochromatization of the polychromatic diffractogram. Thus, the full spectrum
of a powerful industrial X-ray tube can be used to obtain an intense diffraction signal. As has been demonstrated,
the inevitable fluctuations in the spot position of the industrial X-ray tube, which affect the quality of the
diffractogram, can be successfully corrected in the data processing stage.

While the polychromatic X-ray beam used is intense, the effective energy it uses for transmission diffraction is
high enough to penetrate even relatively massive objects. This significantly extends the possibilities of diffraction
techniques, even for the routine analysis of objects with real dimensions.

The thermomechanical simulator showed excellent performance in terms of agreement between the desired
and achieved temperature profiles of the heat treatment. Changes in the power supplied by the simulator to the
sample to maintain this profile indicate the start and end of the austenitization transition. This agrees well with
the phase changes detected by the EDXRD method.

Further improvement in the temporal resolution of the presented EDXRD method can be achieved by using
the CdTe sensor material of the Timepix 3 energy dispersive detector. As a result, in conjunction with the newly
available MetalJet X-ray tube which has a smaller spot with a higher emission density than tube used in this
work, 250 times better temporal resolution can be expected. This is less than 0.05 s for the same thickness of steel
sample used in this work.

Data availability

Polychromatic high-energy X-ray diffraction data recorded with the Timepix energy dispersive detector and
monochromatized data calculated on the basis of knowledge of the energy of each registered photon and the
geometry of the X-ray diffraction experiment have been deposited in the repository of the Czech Academy of
Sciences. All data stored in Matlab format are available at [https://doi.org/10.57680/asep.0599412] (https:/doi.o
rg/https://doi.org/10.57680/asep.0599412).
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