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Introduction. Thermal expansion is an important thermal and physical characteristic of materials, showing its
expansion when heated. Knowing this property is important both from a scientific point of view and for practical
applications. Materials with low thermal expansion are widely used in electronics, thermal barrier coatings and
other applications. Mismatch in thermal expansion between different materials can lead to thermal stress on contact
surfaces. The in-situ synchrotron X-ray diffraction method can detect this mismatch. Thermal stress requires an
analysis of the coefficient of thermal expansion. Bulk expansion behavior is observed in thermally sprayed coatings.
The CTE is important for designing and predicting coating performance under thermal stresses. Changes in the
KTE can cause cracking and degradation of the coating. In-situ X-ray diffraction analysis helps to understand
thermal expansion, crystallite size and stress and strain variation with temperature change. The aim of this work
is to interpret and use in-situ high temperature X-ray diffraction as an effective tool to study the thermal mismatch
behavior of a W-Co alloy substrate (8 % w/w Co, WC — matrix) with CrN, ZrN and CrZrN multilayer coatings and the
characteristic differences between single component coatings and its combination in a multilayer coating. Research
Methodology. In this work, specimens of chromium and zirconium nitride coatings deposited on #-Co hard alloy
substrates were investigated. The fundamental method in this work is in-situ analysis using synchrotron radiation.
The lattice parameter as a function of cycling temperature, the coefficient of thermal expansion during heating
and cooling, and the thermal expansion mismatch between the substrate-coating pair and the coating layers in the
multilayer coating were evaluated. Results and discussion. The lattice parameters and thermal expansion of the
coatings are investigated. The lattice parameter of all coatings decreased during thermal cycling, indicating nitrogen
evaporation. The multilayer coating has the least change in the parameter, possibly due to diffusion barriers. Lattice
distortions do not differ between single and multilayer coatings. All coatings exhibit thermal expansion similar to the
substrate. The multilayer coating creates conditions for compressive stresses in one phase and tensile stresses in the
other phase, so the lifetime of multilayer coatings is expected to be high.
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Introduction

Thermal expansion is an important thermal and physical property of materials, indicating the degree
of materials’ extension upon heating. Knowledge of thermal expansion is of great interest not only from a
scientific, but also from a practical point of view [1]. In assessing the potential uses of a material, thermal
expansion becomes increasingly important in the production of parts and structures. Materials with low
thermal expansion are widely used in electronic devices, thermal barrier coatings, precision equipment
materials, thermal engine components, etc. [2]. In certain systems or composite materials, it is necessary to
eliminate or even avoid thermal expansion mismatches between different materials, which can lead to the
accumulation of thermal stress on the contact surfaces [3].

Thermal mismatch between the coating and substrate or between layers of a multilayer coating
predominates during coating surfacing or heat treatment. Therefore, the resulting thermal stresses require a
detailed analysis of the coefficient of thermal expansion (CTFE) [4]. Oxide formation, residual stresses, and
interfaces are characteristics of coatings caused by the thermal spraying process. Since volumetric expansion
behavior is usually observed in thermally sprayed coatings, determining the correct CTE values is critical
for designing and predicting coating characteristics under thermal loads [5]. Spray process parameters
influence thermal expansion due to phase changes caused by oxidation, formation of compounds, etc.
Thermal stresses arise from differences in CTE between the coating and substrate, and also arise as a result
of the occurrence of a temperature gradient during the prolonged spraying process [6, 7]. It is also known
that deformations due to thermal mismatch greatly affect the strength of component-coating bonding and
the service life of thermal fatigue [8].

The coefficient of thermal expansion (CTE) quantitatively determines the expansion and contraction of
a material due to temperature changes. The CTE of both the substrate and the coating strongly influences
the adhesion strength of the coating. Significant changes in CTE can lead to deformation mismatch, causing
cracks and degradation of the coating as a whole [9, 10]. The differences in thermal expansion coefficients
at the interface result in a change in the local volume at the interface [11]. For example, in a coating on a Ni-
based superalloy, the deformation mismatch between the coating and the substrate creates internal stresses
in the coating, leading to damage to the coating interface layers [6].

In-situ X-ray diffraction analysis is a reliable tool for assessing temperature-dependent properties of
substrates and coatings. It helps to understand thermal expansion, crystallite size, grain growth, and changes
in stress and strain with temperature variations [12, 13]. Based on the literature cited, it can be stated that
volumetric expansion and lattice distortion can induce internal stresses in the parent material. Therefore, to
detect material mismatch processes in terms of thermophysical parameters, the use of in-situ synchrotron
X-ray diffraction is appropriate [14]. The full-width at half-maximum (FWHM) of X-ray reflections can
reflect the evolution of internal stress under thermal loading [15, 16]. For example, changes in interplanar
spacing due to thermal expansion are associated with a specific crystallographic orientation, while peak
broadening occurs when lattice defects are present in a sufficiently large amount within the scattering
volume, as well as in the presence of micro-stresses.

As a result of thermal deformation mismatch, local residual stresses are generated, varying from grain
to grain. The presence of grain-dependent lattice deformation along a crystallographic direction implies the
existence of a distribution of interplanar distances (with a certain width 4d,,)) around a given “average”
interplanar distance (d,,,) [17]. Sometimes, it is assumed that the intergranular stress state is constant and
can, therefore, it can be ignored in the analysis. However, this assumption is often not valid [18]. The defor-
mation of each grain depends on its orientation as well as the orientation of neighboring grains. If a grain is
relatively “stiff”” in a particular direction, the thermal stress in that direction induces plastic deformation in
the “softer” surrounding grain. As a result, the deformation varies from grain to grain by an average mag-
nitude, and the rate of stress decreases.

The aim of this study is to interpret and utilize in-situ high-temperature X-ray diffraction as an
effective tool for investigating the behavior of thermal mismatch between the substrate of VK8 alloy
(92 % WC-8 % Co) and coatings of CrN, ZrN, and multilayer coating of CrZrN, as well as the characteristic
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differences between single-component coatings and its combination in the multilayer coating. The evaluation
of the crystal lattice parameter in the coatings and substrate, as well as its change during thermal cycling,
was performed. The combination of the obtained data from in situ synchrotron studies made it possible to
estimate the lattice distortions and thermal expansion parameters, which in turn enabled the evaluation of
stress existence during thermal cycling. In-situ high-temperature X-ray diffraction may potentially serve
as a fast method for studying thermal mismatch caused by the thermal expansion of the substrate and
coating, as well as a method for further optimization of the obtained coatings with minimal differences in
the physical properties of the coating materials.

Methods and materials

In-situ synchrotron X-ray diffraction measurements at high X-ray energies were performed during
cooling and heating on the VEPP-3 beamline at Novosibirsk, Russia. The X-ray beam had a size of 1x2
mm, a wavelength of 0.1 nm, and a photon energy of 12.4 keV. The specimens were initially heated from
30 °C to 550 °C and then cooled to 30 °C at a rate of 60 °C/min; in total, 3 heating-cooling cycles were
performed. X-ray diffraction patterns were recorded at intervals of 30 °C. The interplanar distance (d) and
the full-width at half-maximum (FWHM) of the diffraction peaks were obtained by fitting the diffraction
reflections with a Gaussian distribution function. The lattice thermal expansion is determined by the change
in strain of the d-space with temperature variation. The first derivative of the lattice thermal expansion
curve, divided by the initial interplanar distance of the corresponding reflection plane, is defined as the
lattice thermal expansion coefficient. The peak width includes instrumental broadening, specimen size
variation, grain size broadening, and micro-stresses [15, 16]. In this experiment, instrumental broadening
and grain size broadening are assumed to remain constant with temperature variation, so any changes in
FWHM are attributed to the evolution of stresses.

Results and discussion

Fig. 1 shows the dynamic changes in the lattice parameter during thermal cycling. Here and throughout,
the left part of the figure refers to homogeneous coatings and substrates with single-component coatings
(suffix “mono”), while the right part of the figure represents the components of the multilayer coating and
substrate with the applied multilayer coating (suffix “CrZirN 8 rpm”). The start of the thermal cycling
process is indicated by a diamond, and the end of the process is denoted by a star. In all cases depicted in
fig. 1, an increase in the lattice parameter (calculated from the (111) reflection) is observed during heating,
followed by a decrease during cooling. However, it is found that the lattice parameter changes globally
when comparing its value at the beginning and after the testing. This is demonstrated by the fitted straight
line that extends throughout the testing period. The slope of this line indicates the extent of the lattice
parameter change.

When comparing the lattice parameter of the same phase for the ZrN mono specimen (Fig. 1a) and the
CrZrN 8 rpm specimen (fig. 1b), the differences in the change of the lattice parameter are insignificant and
follow a similar trend, even though the actual value of the lattice parameter in the ZrN component of the
multilayer coating initially differed significantly and was smaller by 0.03 A. When comparing the CrN
phase in the CrN mono specimens and the CrZrN 8 rpm specimens, the rate of change (slope of the straight
line) of the lattice parameter differs by an order of magnitude. This suggests that in the C»N mono specimen
(fig. 1c), nitrogen depletion occurs to a greater extent during thermal cycling compared to the multilayer
coating (fig. 1d) despite the initial difference in the lattice parameter of 0.125 A. The lattice parameter,
calculated from the (101) reflection, as well as its changes for the polycrystalline substrate, does not differ
significantly, but will be considered later.

The constructed hysteresis loops of the lattice parameter versus temperature during thermal cycling
(fig. 2) provide insights not only into the differences in the magnitude of the lattice parameter but also
reveal that the largest change (reduction) in the lattice parameter for all coatings occurs after the first
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Fig. 1. Dynamic pattern of the lattice parameter of the components of single-component

coatings (a, c), multilayer coatings (b, d) and substrate (e, f) as a function of time (X-ray

diffraction numbers). The straight line and the value of the slope of this straight line
indicate the general change of the lattice parameter during thermal cycling

heating cycle, as particularly evident in fig. 2, ¢ (CrN mono specimen). However, the relationship between
the lattice parameter and temperature within the cycle for the ZrN component of the multilayer coating
(fig. 2, b) remains unclear. The intersecting fitted curves within the cycle in this case can be attributed to
thermal stresses. Similar dependencies for the substrate material, the W C phase, were not observed, as the
lattice parameter changes within the error range during the thermal cycling process. For the substrate, which
has a hexagonal symmetry, only the reflection from the (101) plane is investigated for the same reason.
The coefficient of thermal expansion (CTE) during thermal cycling is shown in fig. 3. Based on the
logic of the thermal cycling process and the existence of extrema in the dependence, the graph in fig. 3 is
presented as the absolute value of the ordinate axis. The single-component specimens presented in figs. 3, a,
¢, d demonstrate a cyclic CTE with good repeatability within the temperature range from 100 °C to 450 °C.
For the ZrN mono and CrN mono coating materials, the average CTE is 18x10°°°C™". In contrast, for the
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Fig. 2. Dynamics of changes in the lattice parameter of the components of single-component
coatings (a, c), multilayer coatings (b, d) and substrate (e, f) as a function of temperature during
thermal cycling

substrate material (WC), the CTE in the specified temperature range is 43.5x107° °C”", which is 2.4 times
higher than the CTE for the coating material. Deviations from a linear CTE are observed at temperatures be-
low 100 °C and above 450 °C. This is particularly evident during the first heating of the ZrN mono and CrN
mono coatings, indicated by red dots in figs. 3a and 3c. Additionally, the CTE behavior of the CrN mono
coating shows a consistent decrease within the temperature range from 550 °C to 500 °C during cooling.
When calculating the CTE for the multilayer coatings, it is found that linear sections of the CTE
are almost absent. The CTE for the components of the multilayer coating and substrate is presented in
figs. 3, b, d, e. Based on this data, it can be concluded that the multilayer coating led to an increase in the
CTE magnitude, and the CTE of the substrate material also increased (figs. 3, b, d, e) compared to the single-
component coatings. In this case, the lowest CTE value is found for the Z+N phase, which is 26.3x107° °C™"
during heating and an average of 43.7x10™° °C”" during cooling. The CTE values for the CrN component
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Fig. 3. Thermal expansion coefficient during thermal cycling of components of single-
component coatings (a, ¢), multilayer coatings (b, d) and substrate (e, f)

of the multilayer coating are in the range of 60 to 80% 107°°C™", while the CTE of the WC substrate phase is
determined to be an average of 80x 107°°C™". Overall, there is a general increase in CTE for the multilayer
coatings (figs. 3, b, d, e) compared to the CTE of the single-component coatings.

The deformation presented here represents uniaxial strain calculated using equation

o = Dkt (1) —diy
d; ’

l

where d, (T) is the interplanar distance measured at temperature 7" in the specimen for the diffraction
reflection created by the lattice plane (hkl), and din represents the reference interplanar distance for that
diffraction reflection.
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Figs. 4, a—d demonstrate the deformation change of the lattice for the investigated nitride coatings
throughout the entire thermal cycling process, while the lattice deformation of the VK§ alloy substrate
coating shows periodic behavior and linear dependence.

Interestingly, the lattice deformation gradually increases with temperature up to 800 °C, which is usually
uncommon. Stressed lattices typically relax at high temperatures.

Fig. 5 illustrates the evolution of the FWHM (full-width at half-maximum) of selected reflection planes
for the nitride coatings and substrate. It is evident that the FWHM dependencies of the crystalline planes
differ between the specimens with single-component coatings (figs. 5, a, ¢, d) and the specimens with
multilayer coatings (figs. 5, b, e).

Distinguishing between heating and cooling cycles based on the FWHM data proved to be impossible
for the CrN phase of both the single-component (fig. 5, ¢) and multilayer (fig. 5, d) coatings. In these cases,

a b
a d
e f

Fig. 4. Crystal lattice deformations as a function of temperature of the thermal cycling process of
components of single-component coatings (a, c¢), multilayer coatings (b, d) and substrate (e, f)
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Fig. 5. FWHM evolution of selected reflection planes of nitride single-component coatings (a, ¢), multilayer
coatings (b, d) and substrate (e, f)

a general slope of the FWHM dependence with respect to the thermal cycling time is observed. In the case
of the ZrN phase of the single-component (fig. 5, @) and multilayer (fig. 5, ) coatings, periodic increases
and decreases in FWHM values are observed. Moreover, compared to the similar graph for the substrate, the
periods of FWHM variation occur with a shift of half a period for the specimen with the multilayer coating
(figs. 5, b, e). Conversely, for the specimen with the single-component coating (figs. 5, a, d), the periods of
FWHM decrease and increase coincide.

It should be noted that the FWHM (full-width at half-maximum) of the (111) plane for the nitride
coatings generally remains almost unchanged before and after the thermal cycling process. The trend of
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the FWHM variation, where the peaks’ maxima and minima coincide at different temperatures, can
be attributed to the occurrence of a low lattice thermal expansion coefficient in all directions of the
specimen.

Through the analysis of in-situ data presented above, we can understand the correlation between thermal
expansion and internal stress. The FWHM of X-ray diffraction peaks is often used to measure internal
stress caused by lattice defects [19]. In this study, the gradual increase in FWHM demonstrates the gradual
increase in lattice distortions caused by interfaces between the substrate and coatings, as well as between
individual layers of the multilayer coatings.

As shown in figs. 3 and 5, the increase in FWHM coincided with a decrease in the thermal expansion
coefficient, indicating that the accumulation of internal stress leads to volumetric expansion, which
compensates for some of the lattice shrinkage of the original phase during cooling.

It is worth noting that the FWHM values for the single-component coatings and its substrate decreased
with increasing temperature (figs. 5, a, ¢, d). The reduction in peak broadening indicates the relaxation of
residual stresses [13]. On the other hand, the FWHM increased with increasing temperature for the ZrN
phase in the multilayer coating (fig. 5, b). Some studies attribute this effect to the presence of residual stresses
coupled with an induced phase transformation [20]. Alternatively, under our thermal cycling conditions,
the ZrN phase in the multilayer coating may experience compression from the second component of the
multilayer coating, CrN, thereby inducing a stressed state. Additionally, nitrogen evaporation, which leads
to changes in the chemical composition of the coating, can also affect the lattice parameter and create
internal stresses [21].

The overall residual stress in the components includes internal stress, thermal stress, and external stress.
During thermal processing, the change in each component of residual stress affects both the substrate and the
coating layers due to differences in thermal expansion coefficients (CTE) and is attributed to the variation
of thermal stress with temperature. Since the CTE of the ZrN and CrN phases in the single-component
coatings was lower than that of the VK& alloy substrate (figs. 3, a, ¢, d), an increase in tensile stress is
observed in the ZrN and CrN layers upon heating [22]. However, the situation changes when analyzing the
CTE of the present phases in the multilayer coating. As shown in figs. 3b, 3d, and 3e, the substrate and the
CrN phase exhibit the highest CTE values (60-80% 107 C_l), while the ZrN phase has the lowest CTE, with
values of 30x10° C"! during heating and 40x 10°c during cooling. Therefore, between the ZrN, CrN, and
WC phases in the multilayer coating, conditions are created during heating that induce compressive stress
in the CrN phase and tensile stress in the ZrN phase [23].

Conclusions

This study investigated the behavior of thermal expansion and lattice parameter changes in relation to
the development of internal stresses during thermal cycling. Based on the experimental data, the following
conclusions can be drawn:

1. The lattice parameter of all coatings decreased during thermal cycling, indicating nitrogen evaporation
and changes in the chemical composition of the coatings under thermal load. The multilayer coating showed
the least variation in the lattice parameter, indicating the presence of diffusion barriers for nitrogen.

2. The analysis of the crystal lattice distortions of the coating components of the studied specimens did
not reveal significant differences between single-component and multilayer coatings;

3. All studied coatings displayed thermal expansion comparable to that of the substrate. The slightly
higher thermal expansion of the substrate in the single-component coatings resulted in tensile stresses at
the interface. Between the ZrN and CrN phases of the multilayer coating and the WC phase of the substrate,
conditions were created during heating that induced compressive stresses in the CrN phase and tensile
stresses in the ZrN phase. As a result, it can be expected that the service life of multilayer coatings will be
higher compared to single-component coatings.
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