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Abstract: This work explores the advantages and disadvantages of a methodology using high-energy
X-ray diffraction to determine residual stresses in multilayer structures produced by atmospheric
plasma spraying. These structures comprise a titanium alloy substrate (Ti64), a bonding layer (Ni-Al),
and an abrasive coating (Al2O3). This study focuses on analyzing the residual stress gradients within
these layers. The presented method is used to determine stresses across the entire thickness of multi-
layer structures. Experiments were carried out using a high-energy rectangular beam, operating in
transmission mode, on the cross-section of the sample. The results indicate variable stresses through-
out the depth of the sample, particularly near the layer interfaces. The semi-automatic methodology
presented here enables us to follow stress evolution within the different layers, providing indications
of the load transfer between them and at their interfaces. The sin2ψ method was used to analyze
the diffraction data and to determine the stresses in each phase along the sample depth. However,
interpreting results near the interfaces is complex due to the geometric and chemical effects. We
present a discussion of the main advantages and disadvantages of the methodology for this kind of
industrial sample.

Keywords: strain; stress; X-ray diffraction; high-energy X-ray; multilayer material

1. Introduction

The atmospheric plasma spraying (APS) technique is widely employed to produce
various protective coatings for heat-, wear-, and corrosion-resistant surface layers [1]. Made
from a variety of materials, such as metals, ceramics, and polymers, these coatings involve
introducing powdered material into a plasma flame. This process melts the particles and
propels them onto the substrate to be coated. The particles’ impact results in their flattening,
cooling, and solidification, thus forming a solid layer. Due to porosity, anisotropy, and
residual stresses, the properties of these coatings differ significantly from bulk materials of
the same composition [2]. These stresses are primarily caused by significant temperature
variations during the deposition process.

When the molten particles reach the substrate, they rapidly cool, creating a tensile
stress within the coating known as “quenching stress” [3]. During deposition, the substrate
is kept at a low temperature (<150 °C by blowing), while post-deposition cooling creates
thermal stress due to differences in the coefficients of thermal expansion (CTE) between
the coatings and the substrate. These quenching and thermal stresses are the main sources
of residual stress. Elevated stresses can lead to various issues, such as cracking, spalling
or dimensional changes, thereby compromising the component’s overall performance.
Therefore, understanding the evolution of these stresses is crucial for assessing their impact
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on the lifespan and functionality of the component, as well as for controlling them by
modifying the coating [2]. In the case of multilayer structures, layer growth can result in
deformation and stress gradients, requiring an adapted experimental approach. It is also
essential to consider non-linear phenomena, such as delamination and cracking. The sharp
interface between the two layers, however, is generally the most frequent site of failure.
This has led to investigations into graded coatings [4–7], with compositions continuously
varying from pure metal to pure ceramic, in order to make the interface more ‘diffused’ and
thereby reduce stress discontinuity. Therefore, it is crucial to understand the spatial scales
accessible with different characterization tools and compare them to modeling scales.

Several methods exist for determining these stresses [8], including mathematical
modeling, material removal techniques [9], mechanical methods [10,11], spectroscopic
methods [12,13], and diffraction methods [14]. Each technique has its advantages and
limitations, and the choice depends on various factors, such as the shape and dimensions
of the sample, as well as the availability of necessary equipment. Among these tools,
neutron diffraction offers several advantages, including non-destructiveness and the ability
to determine stresses in each phase of a composite. Laboratory X-ray diffraction can also
be used, but it can only determine stresses in a thin surface layer (several microns) and
requires successive material removal. The curvature method, on the other hand, enables
the in situ non-destructive determination of stresses in thick layers [15].

In this paper, a high-energy X-ray diffraction (HEXRD) method was used to determine
residual stresses in each phase, enabling precise measurements across the entire thickness
of fixed-composition multilayer structures. Here, we focus on the advantages and dis-
advantages of a methodology for determining residual stress gradients in an industrial
metal (Ti64)/interlayer (Ni-5 wt.% Al)/abrasive coating material (Al2O3 with 3 wt.% TiO2)
system via APS thermal spraying.

2. Materials and Methods
2.1. Materials

The components under investigation, referred to as labyrinth seal fins, are positioned
within a high-pressure (HP) aircraft turbojet engine compressor. These labyrinth seal fins
play a crucial role in enhancing rotor–stator contact conditions and optimizing engine
sealing. However, aerodynamic flow conditions in the jet engine often lead to vibratory
instability phenomena, consequently impacting engine performance [16]. As an initial
step, we simplified the geometry of the problem by substituting labyrinth seal fins with
plates, facilitating in-plane deformation measurements. The dimensions of these plates
are 5 × 5 × 2 mm3. Manufactured using APS, the plates consist of three distinct layers: a
substrate (Ti64) with a thickness exceeding 1.5 mm, a bonding layer (Ni-5 wt.% Al) that
is approximately 150 µm thick, and an abrasive coating (Alumina-3 wt.% TiO2) that is
around 350 µm thick. Notably, a significant thickness irregularity is observed at the bound
coat–abrasive coating interface (Figure 1).

Figure 1. (left) Global view of the different layers: (dark grey) Ni-Al, (white) alumina, (light gray)
Ti64, (right) zoom on the alumina–NiAl interface layers.

Composed of Ti64, the substrate is a widely used titanium alloy recognized for its
hexagonal alpha (α) and cubic-centered beta (β) grain microstructure, resulting from precise
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heat treatment. This combination imparts excellent mechanical strength, low density, and
good corrosion resistance, which is why Ti64 is extensively utilized in the aerospace
and medical industries, as well as for other applications requiring an optimal balance
between lightness and mechanical strength. Its physical properties, including thermal
conductivity and coefficient of thermal expansion, make it a versatile material for various
industrial applications.

The bonding layer employs Ni-5 wt.% Al, a two-phase γ-γ′ alloy with 89.7% atomic
nickel and 10.3% aluminium. The mechanical, physical, and thermo-mechanical properties
of this alloy are influenced by the microstructure formed during different types of thermal
spraying. The presence of inter-lamellar pores contributes to the porous microstructure
(10%) of the metal alloy.

The abrasive coating material is alumina, a widely used ceramic known for its chemical
stability and high hardness. Alumina undergoes various phase transformations during
APS, with the majority observed after deposition in the γ phase.

The addition of 3 wt.% TiO2 enhances the toughness of alumina deposits. The ceramic
is subjected to a thermal treatment characterized by stages such as melting, acceleration,
cooling, and deceleration in the plasma jet, as well as spreading on the substrate and
solidification [17–20].

2.2. Plasma Spraying

Plasma spraying, a thermal spraying process, involves projecting solid, molten, or
softened particles onto a prepared surface using a heat source. The APS process, conducted
at atmospheric pressure, is advantageous for melting high-melting-point materials like
refractory metals and ceramics. According to Sampath et al., during APS, the grouping of
spread particles, known as “flocs”, is fragmented. This fragmentation is due to the low
viscosity of the fluid (sprayed particles) impacting the solid substrate [2]. In addition, the
metal alloy has a porous microstructure with inter-lamellar pores. Formed particle-by-
particle, the resulting deposit exhibits a more or less lamellar structure (Figure 2).

Figure 2. Structure of a plasma-sprayed deposit (reprinted from Ref. [21]).

Studies have highlighted the impact of APS process parameters, including arc plasma
power, plasma gas type, deposition distance, and powder transport speed, on the mi-
crostructures of deposits. The lamellar structure and porosity (ranging from 1 to 25%)
in plasma-sprayed deposits are influenced by these parameters and the materials used.
Residual stresses, originating from rapid cooling and differences in coefficients of thermal
expansion between layers, are introduced during thermal spray processes. The cooling
process significantly affects coating quality, influencing properties via the microstructure.
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This work aims to propose a methodology for analyzing the residual stress states in
the various layers comprising representative plates after manufacture. We will also discuss
the method’s limitations.

2.3. HEXRD—sin2ψ

The HEXRD experiments were performed at the ESRF ID 11 beamline (ESRF, Grenoble,
France). The high-energy rectangular beam (E = 80.0 keV, 300 × 5 µm2) allowed us to work
in transmission mode on the cross-section of the sample with the following dimensions:
5 × 5 × 2 mm3. During the experiments, the sample was moved step-by-step along the z-
axis (2 µm step size). A 2D FReLOn detector (2048 × 2048 pixels, pixel size of 50 × 50 µm2)
allowed us to record 2D images of a diffracted volume of 300 × 5 × 5000 µm3 at every
step. Figure 3 presents a schematic view of the setup used during the experiment and a
photograph of the sample on the goniometer.

Figure 3. (left) Experimental setup used at ID11. (right) Photograph of one sample placed on the
goniometer.

In order to place the beam at the center of the specimen and align it with the top
surface of the sample (ω angle in Figure 3), a series of absorption and reflective scans were
conducted by using the direct beam and a photodiode positioned behind the sample. To
perform the alignment, we used translations (x, y, and z, with x and y as the horizontal
plane and z along the sample depth, perpendicular to the layers), rotations, and directions
perpendicular to the incoming beam. The 2D detectors used to sample the distance and the
detector tilts were calibrated using a silicon powder diffraction and pyFAI software [22]
suite [23].

The results were analyzed using the sin2ψ method, as described in [24], where an
adaptation of the sin2ψ [25] for HEXRD data is presented. Then, 2D images were integrated
using pyFAI suite software with 1° caking. Two directions (ϕ angle, 0 and 90°, rotation
around the vertical axis) were investigated. Selected peaks for each phase were adjusted
using the Pearson VII function with a local linear background. As samples were composed
of multiple materials, a peak for each phase was selected based on significant intensities,
consideration of the degree of overlapping (inside each layer and at the interfaces), and the
mechanical anisotropy of the hkl Miller indices of possible peaks.

Similar procedures have been used in similar studies on other beamlines, for example,
in [26–28].

3. Results
3.1. Diffraction—Phases

Diffraction images were recorded from outside the sample and inside up to the ti-
tanium alloy substrate. Figure 4 presents 2D images of the three layers. The rings are
continuous and no intensity modulations are visible. This means that the grain sizes (crys-
tallites) are small enough to assume a powder diffraction condition and that no texture is
present in the different layers. Figure 5 presents a series of diffractograms from the top
surface of the substrate for the two ϕ directions investigated. For both directions, three
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constitutive layers can be clearly identified. Close to the surface, a layer mainly comprising
alumina can be detected; the bound coat layer comprises NiAl and the substrate layer is
based on a titanium alloy. In the substrate layer, the diffraction peaks from both phases (α
and β) can be identified.

Figure 4. XRD diffraction signals of (from left to right) abrasive alumina coat, NiAl bound coat, and
Ti64 substrate.

Figure 5. A 2D XRD representation map of diffractograms as a function of depth and for the two
ϕ directions.

From the XRD images and integrations, the main phases can be identified: α and γ
alumina, NiAl, and α and β titanium. Low-amount phases cannot be detected (TiO2 in
alumina, for example).

3.2. Diffraction—sin2ψ

The sin2ψ method was used to determine the strain in the different phases and along
the sample depth. With a step of 1°, 2D images were integrated along the δ direction
(δ is the azimuth along the rings). The sin2ψ method is applied without a hypothesis
regarding the strain and stress field shape. To apply this method, each image is integrated
to 360 diffractograms. For each diffractogram, one peak for each phase is fitted with a
Pearson VII function and local linear background in order to extract the position, intensity,
FWHM, and shape parameter, as well as the background coefficients.

Using the position of each peak for each step, sin2ψ curves are analysed using the ψ
and ϕ angle values calculated from the relation developed in [29]. From the peak position,
strain in various directions (ϕ, ψ) can be calculated using Equation (1). ϕ is the rotation
around the vertical axis of the sample and ψ is the angle between the vertical axis of the
sample and the normal crystallographic plane. θ and dhkl are related to the measured peak
positions and θ0 and d0 are related to the stress-free peak positions.

ϵϕψ = ln
sinθ0

sinθ
≃ dhkl − d0

d0
(1)

The relationship between strain and stress is presented in Equations (2) and (3):

ϵϕψ =
1
2

S2[(σϕ − σ33)sin2ψ + σ33 + (σ13cosϕ + σ23sinϕ)sin2ψ] + S1(σ11 + σ22 + σ33) (2)
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σϕ = σ11cos2ϕ + σ22sin2ϕ + 2σ12sinϕcosϕ (3)

S1 and 1
2 S2 are the radio-elastic coefficients. They are determined from the mechanical

properties of the bulk materials:

S1 = − ν

E
(4)

1
2

S2 =
(1 + ν)

E
(5)

where E and ν are Young’s modulus and Poisson’s ratio.
From the sin2ψ curves (see Figure 6), different information can be extracted:

• If the shape is an ellipsoid, shear stress may be present. A linear shape means that shear
stress may be neglected in the analysis. Weaknesses in this shape provide information
regarding the microstructure as a texture or gradient in the diffracting volume.

• From the intercept, the strain evolution in one direction (depending of the experimental
geometry) can be evaluated.

• From the slope and intercept, the strain evolution in all directions can be evaluated.

Figure 6. Examples of sin2ψ curves for each phase and ellipse opening evolution. Data for Ti64 alloys
are extracted from the same depth (same image).

Figure 6 presents selected sin2ψ curves for each phase in the sample. These curves are
representative of the shape of curves along the depth of the sample, except some points
close to the interfaces where the shape shows that some gradients may be present in the
diffracting volume. For the strain/stress analysis, the shear strain/stress will be neglected
due to the linear shape of the curves and low values of the ellipse opening. Figure 7
presents the evolution of the intercept and slope of sin2ψ in each phase along the depth for
both ϕ directions.
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Figure 7. Evolution of intercept and slope for each phase as a function of depth from the sample surface.

From the intercept and slope evolution, the strain and stress can be extracted using
Equations (6)–(8).

ϵ33 = Intercept − ln(
1

sinθ0
) (6)

σ11 − σ33 =
Ehkl

1 + νhkl
.Slopeϕ=0 (7)

σ22 − σ33 =
Ehkl

1 + νhkl
.Slopeϕ=90 (8)

Indices 11, 22, and 33 are related to the sample directions. For the present study,
33 represents the direction normal to the sample surface and 11 and 22 are related to the
in-plane strain/stress directions. From the recorded data, ϵ33 can be determined for the
dataset for the two ϕ directions. In Figure 7, some differences between the two ϕ directions
can be observed. These differences are related to the small misalignment of the sample for
both directions; these were corrected in the calculation by using the calibration powder
(stress-free powder) to a corrected 2θ position for the sample. The difference between the
attended and measured positions of the calibrant peaks were applied to the phase peaks,
considering those closest.

3.3. Strain–Stress

The stress-free parameters were extracted from the powder diffractograms. Measure-
ments were made on a beamline ID22 [30] at the ESRF with a beam energy of 31 keV using
the multianalyzer stage. Figure 8 presents the diffractograms of each initial powder. For a
NiAl and Ti64 alloy, the bulk structures remain the same as the initial powders (meaning
the powders used in the APS process); however, a change is observed for alumina. Figure 9
presents the diffractograms of alumina powder extracted from samples, measured on ID11
under the same conditions as the sample. The initial alumina structure is still present, but
the main phase is now γ-alumina. TiO2 is detected in the initial powder (8) but is not
detected in the final mixture, where an amorphous phase is also present (9).
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Figure 8. Diffractograms of initial powders obtained at ID22—31 keV (from left to right: alumina,
Ni-Al, Ti64).

Figure 9. Diffractograms of alumina powder extracted from sample obtained at ID11—80 keV.

From the powder diffraction experiments, stress-free cell parameters for each phase
were extracted and one (hkl) plane was selected for strain/stress analysis. For the powders
presented in Figure 8, cell parameters were extracted via Rietveld refinement; for the
powder in Figure 9, the cell parameter was extracted from a single peak position. Table 1
presents the parameters used for peak selection and the properties of the selected phases.

Table 1. Phase parameters used to determine strain and stresses.

Phases Space Group σ-Free Cell Parameters
(Å)—(hkl)

Macroscopic Mechanical
Properties (E in GPa and ν)

γ-alumina F d
−
3 m 3.9533—(220) 253—0.24 [31]

NiAl F m
−
3 m 3.5457—(220) 140—0.25 [32]

Ti64 α P 63/m m c 2.9385/4.6844—(110) 100—0.29 [33]

Ti64 β I m
−
3 m 3.2531—(200) 80—0.25 [34]

After applying the method described in the previous section, the stresses in each phase
can be determined. Figure 10 presents stress evolution versus depth for all the main phases.

From the stress evolution along the depth, it can be seen that the stress levels are
mainly stable in all phases when the considered position is far from the interface. At the
interface (alumina-NiAl) and (NiAl-Ti64), strong stress evolution levels are detected in all
directions. Also, in the Ti64 part, the results appear more noisy compared to the alumina
and NiAl phases. This “noise” can be attributed to the microstructure, in which the fraction
of the β phase is low (<10 wt%).
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Figure 10. XRD stresses of the layered material.

4. Discussion
4.1. Multiphased Materials

The stresses determined in the different layers (Figure 10) were calculated using
the sin2ψ method established for isotropic materials. When materials are isotropic at
different scales, the values determined by sin2ψ give assured results [24]. Most of the time,
when dealing with layered multimaterials, the isotropic hypothesis is not valid. This is
particularly the case at the interfaces between materials. In the labyrinth seal fin case,
this affects the stress evolution across the interface. Figure 1 shows the alumina–NiAl
interface with high roughness and Figure 10 presents decreased stress in the alumina layer
and an increase in the NiAl layer. This evolution may only be due to the layer repartition
along the beam path across the interface, as the beam intercept segmented volume of the
different layers, as well as the diffracted signal, are affected by the phase strain but also the
beam path position. The convolution of the strain and position may affect the final peak
position, which is an average of all the effects. So, it is difficult to conclude if stresses at
the alumina–NiAl interface can really change and affect the mechanical performance of
the materials; the microstructure may have a more significant impact. For comparison, the
results across the Ni-Al/Ti64 interface are sharp and do not present stress evolution in each
phase. A sharp transition between phases has no effect on stress.

This example highlights the need for a very deep understanding of the materials at
different scales to understand the stress evolution as determined by XRD.

4.2. High-Energy X-ray Diffraction

The high-energy X-ray diffraction (HEXRD) method was selected due to the size
of the samples and as representative of the bulk. The choice of beam energy was in
accordance with the phase absorption. Figure 11a presents the evolution of the transmitted
intensity as a function of the beam path length for the different phases present in the
sample, with a beam energy of 80 keV. The evolution shows that the NiAl phase is highly
absorbent. The final choice of beam energy is based first on both the beamline capability [35]
and on the absorption in relation to the sample width, as illustrated in Figure 11b. At
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80 keV, a small part of the intensity is transmitted and coupled with the high flux from the
synchrotron beamline; the diffracted signal and signal over noise are strong to allow for
strain/stress analysis.

Figure 11. (a) Absorption calculation of the different layers at 80 keV. (b) Absorption of NiAl layer
for energy between 60 and 100 keV.

For determining strain and stress with a monochromatic beam on samples with a
complex shape or a high dimension, one major point to consider during experimental
design is the diffracting volume. As diffraction affects the whole beam path in the sample,
the setup must be adjusted to ensure that the investigated volume is representative of the
microstructure. This path may be different when diverse directions are considered, as in the
case of our samples. Here, plates were used, but their dimensions along the beam direction
can be large compared to others directions. So, the diffracting volume is different, and only
one small part is shared by both of the two considered ϕ directions: (300 × 300 × 5 µm3)
compared to (5000 × 300 × 5 µm3) for one beam path (see Figure 12). In the present case,
previous analysis has shown that the samples’ microstructures are stable, so there is no
significant difference from one path to another. Differences can be observed, however, close
to the interfaces, as the phase continuities are dependent on the surface rugosity.

Figure 12. Illustration of beam path in the sample.

As illustrated in Figure 12, the diffracting signal is extracted for the whole beam
path in the sample. This means that the peak used for strain calculation is an average of
the complete sample width. This peak is the convolution of the signal from the sample
parts positioned in the bulk (i.e., the sample’s center), as well as the free surface at the
start and end of the beam path. The presence of a free surface is conducive to strain
and stress relaxation, which will ultimately affect the results. For an equivalent setup,
the relaxation effect was evaluated during another experimental session at P07 (DESY,
Hamburg, Germany) [28] by making scans with an equivalent beam shape but placed at
the edge of a sample, where the effect of the free surface is maximized along the beam path.
By analyzing the peak position from the full free surface to the center, the results show that
the free surface affects an area of 200 µm and can decrease the strain value by 10%.
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4.3. Sin2ψ Method

From synchrotron experiments, users accumulate a lot of raw data. With this ex-
periment, one sample represents 420 2D images (5 Go of raw data). With the selected
methodology with caking of 1°, four phases in the sample were investigated in order to
analyze 1,800,000 individual diffraction peaks. Of course, this was achieved with adapted
algorithms and not by hand; the latter has been impossible for years. But, with the huge
amount of data (some recent experiments are much bigger [26–28], with up to 12,000 2D
images and 200 Go of raw data per sample), one critical point is data verification. For
several reasons (bad image quality, choice of parameters, beam loss, bad pixels, unexpected
microstructure evolution, low phase amounts . . . ), the results from all steps can produce
bad data that must be revoked between steps to avoid biased interpretation. These revo-
cation steps become crucial when using algorithms on large datasets (they are even more
crucial when using “black boxes” codes or softwares). In our methodology, after peak
fitting, data are scanned and the limitations of several parameters are tested. All data that
fall outside these limits are revoked and not taken into account. This can result in there
not being enough data for analysis; in this particular case, more investigations from users
must be performed to identify the problem and change the parameters. In this study, the
scanned parameters are as follows:

• The 2θ position that must be within a selected area around the peak.
• Raw intensity that cannot be below one, above the background, or above the detector

capacity (216 in the case of the detector used here).
• FWHM that cannot be below one 2θ step higher than a value determined by the user

(here, 0.5 is very large compared to the expected values).
• The fit quality factor is the difference between the fitted function (including local

background) and raw data regarding the considered interval around the selected peak.
This value has a minimum and maximum (1 and 10 here) that represent the quality of
fit; a high value means a bad fit and 1 is a perfect fit.

These data selection steps are crucial in assuring quality results, even if a large amount
of data is “lost” at this step. Usually, the dataset is large enough and the methodology is
adapted to ensure a sufficient amount of data for results extraction.

4.4. Stress-Free Parameters—d0

Determining stress using XRD may involve many hypotheses for tensor solving.
HEXRD, with an adapted experiment, can help to solve the full tensor [24]. However,
the main hypothesis is the stress-free value; this has an effect, especially if the objective
is to obtain the absolute stress level and not just the evolution. In the labyrinth seal fin
case, powders from initial materials or those extracted for treated materials were studied
separately and can be used as stress-free parameters. The stress levels determined using
these parameters are physically acceptable, meaning that the materials can withstand this
kind of stress level and that the values are thus realistic.

Stress-free parameters may be discussed for the alumina layer, as the powder used
is not representative of the bulk materials. Powders are a complex material with (at least)
three phases: γ, α alumina, and an amorphous phase. For the stress-free parameter, we
extracted the value for the main phase in the bulk. The case of alumina illustrates that the
industrial process has an effect on the phase evolution; stress-free parameters must not
be neglected and must be studied separately. In most cases, it is not possible to use raw
powder before treatment. Different methods of obtaining stress-free parameters exist, i.e.,
by extracting powders from bulk, by combing, or choosing a reference point in the bulk
that is free of the investigated stress effects. Each method has its own difficulties.

• Powder: the grains must be small enough, the chemistry has to be the same, and no
pollution should be added. The pollution effect may be important in cases where
powder is extracted from the bulk; it is thus essential that care is taken with the
extraction tool.
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• Comb: this method releases stress by cutting the material to obtain small, stress-free
volumes with free surfaces. Here, the difficulty lies in determining what happens
when the volume near the free surface has a significant impact and where it can be
used. The answer, related to the material’s microstructure and grain–phase interaction,
is not simple. Determining the volume can be tricky in multi-phased materials when
the scales between phases are different.

• Reference point: this method is often used when external factors are applied to the
materials (tensile tests, thermal treatments). The main difficulty is in ensuring that the
chosen point is not really affected by the investigated phenomena. Strain/stress can
affect the material over long distances (mm to cm, in some cases). Occasionally, going
as far as the experiment allows may not be enough . . . Furthermore, with this method,
residual stresses are neglected and this can have an effect on the interpretation; for
example, if residual stresses are compressive, the yield stress determined may appear
higher than normal and, on the contrary, if they are tensile, failure may appear during
the early stages.

As the aim of the method is to determine the stress tensor without a hypothesis
regarding its shape and stress level, stress-free parameters play a crucial role in the final
level of stress in each phase.

4.5. Experimental Error

Due to the method used to determine the strains, errors are linked to the experimental
resolution.

These errors are estimated based on the peak position dispersion of the calibration
powder, which is stress-free and used to precisely determine the distance between the
sample and detector, as well as the latter’s orthogonality. Looking to the dispersion on
the peak position of the calibrant allows us to determine the minimum strain value using
the considered setup; this is because the strain is null for the calibrant. For the considered
setup, the minimum strain values are between 0.5 and 2 ×10−4 depending on the peak
position (2θ), which is related to the number of pixels from the detector matrix that are
included in the sector after caking for strain and stress determination.

Errors in the stresses, considering a minimum strain of 2 ×10−4, are estimated as follows:
alumina: ± 150 MPa ; Ni-Al: ± 50 MPa ; Ti64: ± 30 MPa.
The alumina phase error seems quite high, but this is due to the high elastic modulus

(see Table 1).
Due to the size of the error bars, it was not necessary to increase the methodology’s

strain resolution. In the case where 2 ×10−4 is insufficient, one simple way to increase the
resolution is to correct the peak position by calculating the position error of the calibrant
powder. This procedure takes time, as the correction must be calculated and applied on
each ring and sector, but the resolution can be increased by a factor of 10 or more depending
of the calibrant quality.

Contrary to stress determination using an X-ray tube, the diffraction angle using
HEXRD cannot be larger than 15°, as the energy is 10 times higher than common X-ray
tubes. The calibration procedure described here allows for minimizing the error in peak
positions, as the synchrotron photon flux and detector calibration contribute to reducing the
error. This is because the peak intensity over the background is larger than that obtained
using X-ray tubes.

4.6. Mechanical Anisotropy, Analyzed Peaks, and Shear Stress

In this study, we made the choice to ignore the mechanical anisotropy on hkl peaks.
This decision was driven by the difficulties in selecting phase peaks (multiple peaks in
alumina, low phase amount of Tiβ, and overlapping peaks between phases at interfaces).
Thus, the main consequence is that the stress level determined in each phase is not repre-
sentative of the real stress level. It is possible to estimate the effect of mechanical anisotropy
and peak selection by using a model to calculate the XEC [25,36]. These coefficients are
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hard to obtain experimentally as they are determined via tensile tests on pure compounds.
The first difficulty is to obtain pure compounds for each phase of the all materials involved
in the final specimen. Once obtained, a tensile test must be carried out in the elastic regime
with parameters close to those used in the experiment. In order to illustrate the effect of
anisotropy, for cubic symmetry, the XEC was calculated for the classical models, Voigt,
Reuss, and Kröner, as a function of the Γ parameter, which is dependent on hkl indices (see
Equation (9) for cubic systems).

Γ =
h2k2 + h2l2 + k2l2

(h2 + k2 + l2)2 (9)

Figure 13 presents the calculation results for XEC. As expected, the Voigt values are
independent of Γ and can be considered as the lower limits; the Reuss model provides the
upper limits. For the calculations, Sijkl were estimated from the bulk values given in the
article, using formulations described in [36]. Except for the Voigt model, the values of S1
and 1

2 S2 increase and decrease, respectively, as Γ increases. The Γ values for the studied
strain/stress in the present study are 0.25 for γ–alumina (220) and NiAl (220), and 0.0 for
Tiβ (200). The XEC calculated from bulk properties are indicated by black crosses. The
XEC used correspond to the highest model values. Taking into account the anisotropy may
change the stress levels in each layer.

Figure 13. Calculated evolutions versus 3Γ XEC parameter for the three cubic structures in the layered
material (lines). XEC used for strain determination are reported as ‘x’.

Figure 14 compares the stress levels (σ11) for the XEC calculated from bulk properties
and for each model for Γ = 0, where the difference between the models is maximized. As
expected, the bulk and Reuss values are very close and values using other XEC exhibit
similar behavior but with different stresses. It can be noted that the differences between
the different models are not constant along the depth and are dependent on the strain
component with a different weight in the stress calculation. The maximum difference in
(σ11) for alumina is around 150 MPa, which is the same as the incertitude in this phase (as
discussed in Section 4.5). This effect shows that the choice of both XEC and peak (and so
anisotropy) is an important point in the analysis. All absolute results are dependent on this
choice; meanwhile, the evolution is not affected.
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Figure 14. Comparison of σ11 determined using XEC from bulk and models (at Γ = 0.0) for γ-alumina.

It can also be noted that the methodology works well with the specimen, as only diagonal
terms of the stress tensor have significant values. As shown in Figure 6, shear stresses are
negligible with a negligible opening of the curves. Using the hypothesis that this is true
along the depth, we can extract the full strain and stress tensor along the specimen depth. In
cases where the hypothesis is not true, the methodology would be inadequate and require an
additional hypothesis as, with the measured directions, one shear stress cannot be determined—
the one on the surface of the specimen. To solve this, the hypothesis would need to neglect it,
assume that it would be equal to another with the actual data, or involve making additional
measurements at ϕ 45 and 135°; all of these would require time for measurements and data
analysis. This point must be considered when designing the experiment, as the shear stress
level can only be determined during data analysis (i.e., after the experiment). It can be carried
out at some points along the depth, but currently not all of them.

5. Conclusions

In conclusion, this study examined residual stresses in industrial multilayer structures
produced by atmospheric plasma spraying (APS). Through the use of the high-energy X-ray
diffraction method (HEXRD), precise measurements were taken across the entire thickness
of these structures. The results revealed stable stress levels in individual phases when the
considered position was far from the interfaces, but significant variations were observed
near these interfaces between materials. The results close to the interface are difficult to
interpret due to geometric (different convoluting, diffracting spots) and chemical effects
(element diffusion affects the lattice parameters). It is crucial to note that the isotropic
assumptions underlying the sin2ψ method are not always valid for multilayer materials,
especially near interfaces. Therefore, a thorough understanding of the microstructures and
properties of materials at different scales is necessary in order to accurately interpret X-ray
diffraction data and evaluate residual stresses.

This study highlights that the HEXRD and sin2ψ methods allow us to determine the
stress tensor in fine-layered materials. In a previous study [24], a similar methodology was
applied to bulk material. The detailed methodology therein can be generalized to several
materials upon which the HEXRD method can be applied. With progress in the field of
synchrotron sources, it will be possible to use very fine beams to more accurately follow
stress evolution at the interfaces.

Moreover, the methodology used for HEXRD data analysis involves handling a consid-
erable volume of raw data and requires that careful attention be paid to data selection and
verification. Despite the challenges associated with the quantity of data, the sin2ψ method pro-
vides a robust approach for determining stresses in individual phases of multilayer structures.

Furthermore, this study highlighted the importance of accurately determining stress-
free parameters to assess absolute stresses in materials. Variations in material microstruc-
tures, such as the phases and any evolutions induced by industrial processes, can affect the
stress-free parameters, emphasizing the need for a careful evaluation of these parameters.
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Finally, our analysis of mechanical anisotropy and diffraction peak selection under-
scored the significance of these factors in accurately interpreting X-ray diffraction data.
The choices of mechanical anisotropy models and diffraction peaks can have a significant
impact on the determined stress levels.

In summary, this study provides valuable insights into the methodology and analytical
considerations necessary for evaluating residual stresses in multilayer structures in order
to better understand the charge transfer between layers produced by APS. A thorough un-
derstanding of material microstructures and careful consideration of parameter and model
selection are essential for accurately interpreting X-ray diffraction data and evaluating
residual stresses in these complex systems.
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