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Abstract: This paper evaluates the suitability of the X-ray diffraction (XRD) technique to characterize
the phase transformation during the metal forming of the metastable austenitic steel AISI 304L. Due to
plastic deformation, phase transformation from γ-austenite into α′-martensite occurs. The XRD peaks
at specific 2θ diffraction angles give information about the phase amount. Analyses of the results
with different characterization techniques such as microscopic analysis, including electron backscatter
diffraction (EBSD), macro- and microhardness tests and magneto-inductive measurements of α′-
martensite, were carried out. A qualitative and quantitative correlation to compute the amount of
α′-martensite from the XRD measurements was deduced. XRD was validated as a suitable technique
to characterize the phase transformation of metastable austenites. Additional data could provide
necessary information to develop a more reliable model to perform a quantitative analysis of the
phases from XRD measurements.

Keywords: X-ray diffraction; metastable austenite; phase transformation; plastic deformation;
metal forming

1. Introduction

Flow forming is a metal spinning process that has recently gained relevance in ar-
eas such as the automotive and aerospace industries, due to manufacturing flexibility,
resource optimization and the possibility of producing near-net-shape components. The
use of metastable austenitic stainless steel in combination with advanced manufacturing
techniques makes the production of high-performance products possible [1]. During the
forming of metastable austenites, plastic deformation simultaneously changes the geo-
metrical characteristics and the microstructure of the specimens. In the specific case of
the austenitic stainless steel 304L, the microstructural evolution involves changes in the
magnetic and mechanical properties [2]. This investigation focuses on the evaluation of the
suitability of the X-ray diffraction (XRD) method to characterize microstructure evolution,
particularly with respect to strain-hardening and phase transformation during plastic defor-
mation. These results will be correlated with alternative characterization techniques such
as magneto-inductive measurements of α′-martensite amount, hardness tests and scanning
electron microscopy (SEM) analysis, including Electron Backscatter Diffraction (EBSD).

XRD is a technique mainly used to characterize the stress state [3] and especially the
residual stresses [4–6] of materials for engineering applications. Recent investigations
have focused on the residual stress assessment of deep rolled and microfinished AISI 4140
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components with the novel time-efficient cos α-method instead of the sin2ψmethod [7]. By
means of high-energy synchrotron X-ray diffraction, phase-specific stresses were calculated
using dhkl-sin2ψ distributions from recorded Debye–Scherrer rings [8]. A combination
of microstructural analysis by means of EBSD and the residual stress state of the welded
seams of austenitic stainless steels tubes have been carried out in [9] by XRD. Similarly, a
microstructural characterization, including hardness tests and XRD analysis, was depicted
on electron beam welded joints of low carbon Ni-Cr-Mo alloy steels [10]. In combination
with several microstructural characterization techniques, such as scanning and transmission
electron microscopy, XRD has been used to characterize novel microstructural features
of low-activation chromium–manganese austenitic steel, specifically regarding structure,
dislocation character and particle composition [11]. Other uses of XRD include the analysis
of textures [12,13]. Recently, the evolution of textures during the phase transformation of
silicon steels has been characterized using in situ XRD and EBSD [14]. Other researchers
have also conducted microstructural characterization by means of microscopical techniques,
combined with residual stress and texture measurements using XRD at specific depth
positions on radial forged high-strength alloy steel tubes [15].

One of the most common applications of XRD is the qualitative and quantitative phase
analysis [16]. Some investigations have used XRD to study martensite and austenite phase
amounts in stainless steels wires before and after deformation [17]. Further investiga-
tions carried out XRD measurements on austenitic stainless steel AISI 304 to perform a
quantitative phase analysis of deformation-induced martensite, based on the evolution
of microstructural features such as grain size [18]. Talonen et al. also performed XRD
measurements, among other characterization techniques, to validate the strain induced
α′-martensite content in austenitic steel [19]. Recently, investigations have focused on
the quantitative phase analysis of maraging steel 13Ni15Co10Mo using XRD combined
with Grazing Incidence XRD to characterize the austenite formation due to oxidation by
layers [20]. Using a Bragg–Brentano configuration on an X-ray diffractometer, residual
stresses and the phase transformation of austenitic stainless steels AISI 904L and AISI
347 were reported during the cyclic loading of specimens with different surface mor-
phologies [21]. The martensite volume fraction of 316L stainless steel specimens were
characterized during low cycle fatigue tests by means of in situ and ex situ neutron diffrac-
tion measurements in [22]. Tomota et al. performed a multi-technique characterization
on heat-treated 1.5Mn-1.5Si-0.2C steels comparing neutron diffraction, XRD, EBSD and
dilatometry measurements [23].

In this investigation, the characterization of phase transformation and strain-induced
hardening during the flow forming of metastable austenite AISI 304L provides fundamental
information for material behavior modeling. The material model details the evolution of
material properties, specifically the amount of α′-martensite, depending on geometrical
features such as wall thickness reduction and production parameters such as infeed depth
and the feed rate of the rolling tool. The material behavior model plays an important role
in the development of a closed-loop property control for the flow forming process, which
is part of the overall goal of this research. Material behavior modeling needs correlations
that evidence the evolution of properties during flow forming. This requires the imple-
mentation of multiple characterization techniques to reliably validate the microstructural
phenomena involved. As mentioned, the amount of α′-martensite created from the plastic
deformation of the initial metastable austenite will be characterized by means of macro-
and microhardness tests, EBSD and XRD analysis.

2. Materials and Methods
2.1. Specimens

The specimens were produced by means of reverse flow forming (Figure 1a,b) at
the Chair of Forming and Machining Technology of Paderborn University (LUF), using
the machine BD 40 (Bohner & Koehle GmbH & Co. KG, Esslingen, Germany). The raw
material of the workpieces are seamless tubes made of stainless steel AISI 304L (X2CrNi18-9,
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1.4307) with an 80 mm outer diameter and a 4 mm wall thickness. The specimens were
manufactured at room temperature, which was kept constant during the production by
means of active cooling. The speed rotation of the spindle was 30 rpm and the feed rate of
the forming tool was set between 6 and 60 mm/min. The focus will be put on specimens
produced with feed rates of 6 mm/min (Specimen 1) and 60 mm/min (Specimen 2).
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Figure 1. Specimen manufacture: (a) flow forming process; (b) flow forming machine; (c) geometry
and dimensions (in mm); (d) final workpieces. IC: Initial condition, forming zones (FZ) 1–3.

The flow forming operations were performed using three rollers to reduce the wall
thickness of the tubes. The initial 4 mm wall thickness was reduced with infeed depths of 1,
2 and 3 mm in each flow forming step. Starting from the initial condition, “IC” (metastable
austenite), flow forming operations were performed to produce three forming zones (FZ 1,
2 and 3) (Figure 1c). Each forming zone corresponds to a plastic deformation state with a
defined amount of strain-induced α′-martensite. The final specimens manufactured during
the production process are shown in Figure 1d.

2.2. Characterization Methodologies
2.2.1. X-ray Diffraction (XRD) Investigation

X-rays are high-energy electromagnetic waves. Due to their short wavelengths (bet-
ween 0.001 and 10 nm), they are suitable for a wide range of applications in material
characterization. The interaction of X-ray photons with matter leads to absorption or
scattering effects. The coherent scattering, called Rayleigh scattering, occurs between
photons and electrons surrounding the atomic nuclei. Due to the periodic nature of a
crystalline structure, constructive or destructive scattering radiation produces characteristic
radiation phenomena, which can be used to investigate the crystal structure of materials.
The geometrical interpretation of XRD is represented by Bragg’s law (Equation (1)).

nλ = 2dhkl sin(θ), (1)

In Equation (1), n is the order of diffraction, λ is the wavelength of the incident
beam, dhkl is the lattice spacing in nm and θ is the angle of the diffracted beam in degrees.
Diffractions for each lattice plane and direction that satisfy Bragg’s law are constructive
interferences. The diffraction data are represented as distributions of intensity in peaks per
second as a function of the 2θ angle [24].

The specimens for the XRD analysis were extracted from flow formed tubes according
to Figure 2a. The measurements were carried out on the outer surface of the specimens, as
specified in Figure 2b. The X-ray diffractometer Bruker D8 Discover (Bruker Corp., Billerica,
MA, USA) was used to perform the diffractometry analyses, the setup of which is specified in
Figure 2c. According to the Bragg conditions, a change in lattice spacing induces a shift of the
diffracted X-ray angle [24]. According to the crystal structure and space group of the present
phases of the material, the intensity of the diffracted signals changes. Consequently, each
phase produces a characteristic diffraction pattern. Additionally, when several phases are
present in the material, the characteristic diffraction patterns of the phases are superimposed
and the diffraction peaks of the phases are proportional to their amounts [16,25].
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Figure 2. Specimen preparation for XRD analyses: (a) extraction of specimens from the tubes;
(b) geometry of the specimens; (c) setup of the X-ray diffractor.

To perform phase analyses, diffraction patterns of the different material conditions
were recorded. It is required that the diffraction pattern covers a large 2θ range to record
as many peaks as possible. In this study, the measurements were performed on each
specimen covering a 2θ range between 30 and 150◦ to detect the specific peaks for austenite
or martensite. The measurements were carried out using a copper X-ray tube, with a 1 mm
collimator, 40 mA current and 40 kV voltage.

2.2.2. Macro- and Microhardness Tests

To characterize the evolution of hardness during phase transformation, Vickers macro-
and microhardness tests were performed. The indentations for the macrohardness tests
were conducted on the outer surface of specimens at the initial condition (IC) and the
forming zones 1 to 3 (FZ1, FZ2 and FZ3). The indentations for the microhardness mappings
were conducted on cross sections of Specimen 1 at the IC, FZ1 and FZ3, as indicated in
Figure 3.
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Figure 3. Specimen for microscopic investigation of the microstructure evolution: (a) extraction of
specimens from the tubes; (b) cross section of the specimens; (c) mapping size of the EBSD analysis.

The macrohardness tests were carried out on the device Wolpert Dia Testor 2 RC
(Prueftechnik Buchmann GmbH & Co. KG, Michelfeld, Germany), using a load of 3 kgf.
The microhardness measurements were performed using the HMV-G20 (Shimadzu Corp.,
Kyoto, Japan) tester. The indentations for microhardness were performed using a load of
0.05 kgf along the thickness of the specimens. Starting from the outer surface, the material
was indented each 65 µm, on five lines, separated by ca. 200 µm from each other.

2.2.3. α′-Martensite Content

α′-martensite content measurements were carried out by means of the Feritscope
FMP30 (Helmut Fischer GmbH, Sindelfingen, Germany). This device detects ferritic
phase contents by means of the magneto-inductive method. Correlations developed by
Talonen et al., 2004, allow for the computation of strain induced α′-martensite content from
the ferritic phase measurements [19]. The measured α′-martensite content is used as a
reference value for the martensitic phase amount.
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2.2.4. Microstructural Characterization by Means of Scanning Electron Microscopy (SEM),
including Electron Backscatter Diffraction (EBSD)

The microstructural characterization of the phase evolution was carried out by means
of the SEM Tescan Mira 3 XMU (Tescan GmbH, Brno, Czech Republic). EBSD analysis was
performed using the DigiView EBSD camera and the Team™ software, both manufactured
by EDAX LLC (Pleasanton, CA, USA). The post-processing of results was conducted by
means of the OIM analysis™ software (version 8.6.0028) also of EDAX LLC. The specimens
were held with a specimen holder tilted at 70◦, using an electron beam energy of 25 kV and
a working distance ca. 20 mm.

Similar to the microhardness tests, the area of interest for the EBSD investigation
corresponds with the cross sections of the initial condition (IC) and only the forming zones
1 and 3 (FZ1 and FZ3) of Specimen 1. The specimens were extracted from the flow formed
tubes (Figure 3a) and underwent metallographic preparation. The EBSD investigation was
carried out on cross sections, close to the outer surface of the tubes (Figure 3b). Phase and
Inverse Pole Figure (IPF) mappings, 255 × 255 µm2 in size (Figure 3c), were measured
for the analyses. Both kinds of mappings are presented superimposed on image quality
(IQ) mappings. IQ in the background shows the quality of the diffraction patterns during
the EBSD measurements which allows grain boundaries or areas with high degrees of
deformation to become visible.

3. Results and Discussion
3.1. Microstructure Evolution by Means of Electron Backscatter Diffraction (EBSD)

The results of the characterization of the microstructure evolution by means of EBSD
are illustrated in Figure 4.
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Figure 4. Microstructure evolution measured with electron backscatter diffraction (EBSD) by means
of phase analysis and IPF mappings of (a) metastable austenite, initial condition (IC); (b) deformation-
induced martensite, forming zone 1 (FZ1); (c) forming zone 3 (FZ3).

Using EBSD, a quantitative report of the amount of phase was carried out by means
of the OIM analysis™ software. The phase analyses show that the microstructure at IC
is dominantly γ-austenite (99.7%) with some ferromagnetic phases. The IPF map of the
IC shows deformation-free grains with an average diametral size between 50 and 60 µm
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(Figure 4a). Due to plastic deformation, shear bands appear in FZ1, which is the typical
deformation mechanism of metastable austenitic steels. The α′-martensite nucleates at the
intersection points of these shear bands, as was demonstrated and evidenced in [26]. The
IPF map of FZ1 evidences the deformation-induced shear bands in a darker color, due to
the IQ mapping on the background (Figure 4b). In FZ3, the microstructure is predominantly
α′-martensite (97.3%), with some austenite remaining. The IPF mapping of the FZ3 shows
small typical martensite grains with a high amount of deformation (Figure 4c).

3.2. Microhardness Testing

In Figure 5, the microhardness mappings show the evolution of strain hardening in
detail. Starting from the metastable austenite or initial condition (IC), an average hardness
of 150 HV was recorded. This agrees with the reported hardness for AISI 304L steel on the
data sheets. Close to the outer surface (upper side of the map in Figure 5a), the hardness
is about 310 HV, likely due to the extrusion of the tubes used as raw material for flow
forming. The mappings of the FZ1 and FZ3 evidence a higher Vickers hardness due to the
strain hardening during plastic deformation. On FZ1, Vickers hardness measurements are
between 400 and 480 HV (Figure 5b), and on FZ3, the hardness increases up to 520 HV
(Figure 5c). Analyses of the cross sections of the specimens lead to the conclusion that
hardness decreases gradually with the depth. For instance, at the outer surface of FZ3
the hardness reaches 520 HV and drops to 450 HV on the inner surface. However, the
difference of the measurements at specific depths is not discussed in this paper, since the
XRD analysis is limited to a few micrometers in depth.
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3.3. Characterization of the Phase Transfromation by Means of XRD

As mentioned in Section 2.2.1, each phase produces a characteristic X-ray diffraction
pattern. In this case, XRD methodology should be suitable to characterize the strain-induced
transformation of the austenitic phase into the α′-martensite phase. To perform the phase
analysis, the diffraction patterns were recorded covering a wide 2θ range. In this case, the
measurements were performed between 30 and 150◦.

The measurements were conducted in four deformation conditions (IC and FZ1 to 3)
of Specimens 1 and 2. Figure 6 shows two examples of the recorded diffraction patterns for
specimens before deformation (metastable austenite) and after deformation with specific
strain-induced α’-martensite contents. Using a copper X-ray tube, diffraction peaks that
represent specific (hkl) lattice planes are obtained at determined 2θ angles. This is sum-
marized in Table 1 for austenitic and martensitic steels. The information in Table 1 agrees
with the results in Figure 6, where the lattice planes corresponding to austenite (A) and
martensite (M) are marked.
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Table 1. Data for XRD analyses using a Cu Kα1 X-ray tube in austenitic and martensitic steels
(extracted from [3]).

Material Plane
(hkl)

E(hkl)

[103 N/mm3] υ(hkl) 2θ
[deg] Material Plane

(hkl)
E(hkl)

[103 N/mm3] υ(hkl) 2θ
[deg]

Austenitic
steel

A(420)
A(331)
A(400)
A(222)
A(311)
A(220)
A(200)
A(111)

176
217
139
247
175
207
139
247

0.31
0.27
0.35
0.24
0.31
0.28
0.35
0.24

147.2
138.464
118.194
95.989
90.705
74.706
50.811
43.621

Martensitic
steel

M(222)
M(310)
M(220)
M(211)
M(200)
M(110)

248
181
220
220
165
220

0.25
0.32
0.28
0.28
0.33
0.28

137.141
116.372
98.937
82.329
65.019
44.670

To perform detailed qualitative and quantitative phase analyses at different forming
conditions by means of XRD, a high intensity peak at one specific 2θ angle must be selected.
This peak must also be located in a 2θ position sufficiently separated from other austenite or
martensite peaks to avoid an overlapping of the detected X-rays. Because of this, the peaks
corresponding to A(111) at 2θ = 43.621◦ and M(110) at 2θ = 44.670◦ in Figure 6 are discarded
despite having the maximum intensities. According to Figure 6, the peak with the next-
highest intensity is at 2θ = 50.811◦, which corresponds to the lattice plane A(200). A phase
analysis on this plane is not possible, due to the poor signal of the deformed conditions
(FZ1 to 3), as illustrated in Figure 7a for Specimen 1 and in Figure 7b for Specimen 2.
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Figure 7. XRD peaks of AISI 304L at plane (hkl) = (200) for two specimens at different deformation
states: (a) Specimen 1; (b) Specimen 2.

The next peak in Figure 6 with a remarkable intensity is the one at 2θ = 82.329◦, which
corresponds to the Miller index M(211) for martensitic steel, according to Table 1. Figure 8
shows details of the distribution of the diffraction peaks of the different forming conditions
of both specimens. As expected, the measured peaks for IC on both specimens are around
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0.8 × 103 CPS, which is low in comparison with the peaks for the different FZs. The
recorded signals of martensitic phases in IC are explained by the fact that the austenitic
phase is not completely pure at IC, but does have some ferromagnetic phases, as shown in
the pictures of Figure 4a.
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Figure 8. XRD peaks of AISI 304L at lattice plane (hkl) = (211) for two specimens at different
deformation states: (a) Specimen 1; (b) Specimen 2.

The peaks of the further forming conditions show that the quantity of the martensitic
phase increases with the deformation. In Specimen 1, a saturation of the measured peaks is
reached in FZ2 and remains until FZ3 (Figure 8a). In Specimen 2, the measured XRD peaks
also increase continuously with the deformation without reaching the saturation observed
in Specimen 1 (Figure 8b). A comparison of the results in both specimens leads to the
conclusion that the intensity of the peaks of Specimen 1 are higher than those of Specimen 2.

3.4. Correlations between XRD and α′-Martensite Contents

In this section a quantitative comparison of the XRD results with further character-
ization techniques was performed. To achieve this, measurements of α′-martensite with
the Feritscope FMP30 (Helmut Fischer GmbH, Sindelfingen, Germany) were carried out.
Table 2 summarizes the production parameters of the studied specimens, as well as the
results of α′-martensite, macrohardness and XRD intensities in counts per second (CPS) of
each deformation state. The reported XRD numerical values correspond to the peaks of
each forming condition, measured at the martensitic lattice plane M(211) in Figure 8. The
reasons for the selection of this lattice plane for the quantitative analysis of the mixture of
austenite and martensitic phases were already discussed in Section 3.3.

Table 2. Quantitative measurements of α′-martensite and XRD peak intensities (measured at lattice
plane (hkl) = (211)) for two specimens of AISI 304L under different forming conditions.

Specimen Ideal Thickness
[mm]

Feed Rate
[mm/min]

α′-Martensite
[vol.%]

Macrohardness
HV3

XRD CPS I
[103]

Specimen 1:
IC 4 0.54 305 0.872

FZ1 3 79.65 412.6 2.54
FZ2 2 6 100 444 3.464
FZ3 1 100 445 3.563

Specimen 2:
IC 4 0.2 305 0.83

FZ1 3 25.8 355 1.543
FZ2 2 60 57.45 383 2.347
FZ3 1 78.14 398 2.928

Figure 9 illustrates the results of Table 2 in correlation with the XRD measurements
with α′-martensite amounts and the macrohardness measurements. The graphs display
the strain hardening of the specimens due to the phase transformation from austenite to
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martensite. Martensite is well known as a very hard phase [27]. The higher the amount
of α′-martensite, the harder the microstructure. The hardening of both specimens is
proportional to the measured amount of α′-martensite. The quantitative results of the
macro- and microhardness, shown in Figure 5, differ slightly from each other. While it is
true that the microhardness measurements deliver reliable information on the local hardness
distributions, it is a time-consuming and complex characterization technique. In contrast,
macrohardness measurements can be carried out quickly, but the recorded information
only illustrates the hardness in a global way. An indented point may correspond to a zone
of higher or lower hardness since the distribution of properties after the forming process is
not completely homogeneous.
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Figure 9. Correlation between α′-martensite content, macrohardness and XRD peak intensity in
counts per second (measured at lattice plane (hkl) = (211)) for two specimens of AISI 304L at different
forming conditions.

The amount of α′-martensite in Specimen 1 increases from IC and reaches saturation
(100%-α′) in FZ2. This was also evidenced by the measured XRD peaks and the EBSD
micrographs in Figure 4c. A maximum XRD peak value of ca. 3.5 × 103 CPS was recorded
at FZ2 and there was no remarkable increment of it in FZ3. In Specimen 2, there is a
quasilinear increment of the XRD with the deformation as well as the α′-martensite amount
and hardness. In comparison, the amount of α′-martensite and XRD intensities are higher
for Specimen 1 than 2, due to the lower feed rate used in the production of the former. The
lower the feed rate of the tool during flow forming, the higher the local contact between
the tool and the workpiece, thus producing a higher amount of plastic deformation, which
favors the phase transformation. The microstructure of FZ1 is a mixture of austenite and
martensite with the presence of shear bands, as illustrated in Figure 4b.

The collected data of the α′-martensite amount and XRD intensities were correlated
by means of a linear approximation, as illustrated in Figure 10. With the utilized data, the
coefficient of determination R2 is 0.97, which, in theory, is quite good. This is a first-model
approach to performing quantitative phase analysis from XRD measurements. The number
of measurements, however, is not large enough to estimate the validity of the correlation.
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4. Conclusions

This investigation presents the results of a multi-technique characterization of phase
transformation during the plastic deformation of metastable austenitic steel 304L. The focus
was on the validation of the XRD method to characterize the amount of deformation in
induced α′-martensite qualitatively and quantitatively. To achieve this, EBSD analyses
of the microstructure evolution, the α′-martensite and the macro- and microhardness
measurements were performed. The applied methodologies and final results demonstrate
that the use of diffraction patterns obtained by means of XRD are suitable to characterize
the phase transformation qualitatively. A quantitative analysis and the development of a
model to calculate α′-martensite from the XRD intensity peaks was successfully conducted.
A first linear approach was also proposed in the discussion, but to increase the reliability of
the model, more data are required. A disadvantage of the XRD methodology is that the
complete measurement of a diffraction pattern (~30◦ < 2θ < 150◦) is complex and requires
around 10 h/measurement. Once the peak of interest (in this case the peak M(211)) is
identified, this time can be reduced. The goal of this investigation was not the formulation
of a reliable model that uses the XRD measurements to compute the transformed phase
amount. It was intended to present evidence of the capability of XRD for the detection
of phase transformation, as a complementary method to validate other characterization
techniques. By means of the methodologies used, the production parameters and the
geometrical features of the workpieces were found to play an important role in the phase
transformation process.

XRD was tested as a reliable characterization technique to evidence the phase transfor-
mation during the plastic deformation of metastable austenites. However, this technique
is far from being used in applications that require a transmission of measurements in real
time, e.g., closed-loop control systems. An alternative application of XRD analysis, apart
from the well-known measurement of residual stresses, was successfully explored.
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