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ARTICLE INFO ABSTRACT

Introduction. Advanced hard coatings combine different properties such as high hardness, wear resistance,
corrosive resistance. At present, layer-by-layer deposited zirconium and chromium nitrides are promising hard
coating materials. Currently, the multilayer coating process is not sufficiently described in the literature to
understand all the processes involved. The problem is the complexity of depositing thick layers of multilayer,
multicomponent coatings with different physical characteristics of the coating components. First and foremost
this concerns the coefficient of linear thermal expansion (CTE). Since the coating and operating processes
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ability to determine changes in the characteristics of multilayer coatings during heating, such as changes in the
crystal lattice parameter of each of the coating components separately, the possibility to determine the coefficient
of linear thermal expansion of the coating components and the qualitative measurement of microstresses, as
well as providing the opportunity, based on the analysis, to form recommendations for further application of the
technology of applying multilayer coatings with given characteristics.
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Introduction

With the development of materials production technology for cutting tools, press molds, engine
components, and other mechanical components, mainly hard coatings are used [1, 2]. Metal nitrides such
as chromium, niobium, zirconium, tantalum, titanium, or its combinations are primarily used as coating
materials [3—5]. Such coatings are able to withstand the high load and temperature that characterize the
operation of the cutting tool. It is worth noting that coatings are used not only to provide the necessary
characteristics of cutting tools; as studies show, some coatings such as CrN can be used as a coating for
zirconium alloy for use in fuel accident-resistant materials [6, 7], and ZrC/TaC, Ru-Al/Ru-Si-Zr finds
applications in the aviation industry and gas turbine blades [8, 9].

In this regard, the main methods of coating deposition can be named as reactive magnetron sputtering
[3, 10], vacuum brazing [11], thermal spraying [12], high-speed physical vapor deposition [13, 14], and
pulsed electro deposition [15]. In this work, the vacuum arc plasma deposition method is used [16].

Despite the wide use of nitride coatings in the cutting tools manufacture, the limits of its application,
and properties acquired after exposure to certain conditions are being investigated. In most cases, corrosion
resistance [17] and oxidation processes [10, 18] at temperatures above 1,000 °C are studied. The authors
[17] found that multilayer Cr/CrN coatings on a Zr-4 zirconium alloy substrate exhibit good resistance to
steam oxidation with a decrease in the thickness of the multilayer coating layers. In turn, the primary task
of characterizing the coating process is not described in the literature. The problem lies in the complexity of
depositing thick multilayer, multicomponent coatings with different physical characteristics. First of all, this
concerns the coefficient of linear thermal expansion (CLTE) of the components of the multilayer coating.
Since the process of deposition and operation of coatings involves temperature exposure, the components
of the coating with different CLTEs will eventually be prone to cracking, further destruction, and failure of
the products.

The aforementioned works suggest that it is important not only to understand the characteristics and
properties of nitride coatings, but also the kinetics of the structural behavior of multilayer coatings obtained
through thermal action in air. Therefore, the purpose of this work is to in-situ study the patterns of structural
changes in CrN/ZrN multilayer coatings deposited on a 92 wt.% Co-8 wt.% WC substrate by vacuum-arc
plasma deposition after thermal testing in air with an exposure temperature of 30 to 750 °C. The conducted
research will be useful for developing knowledge on the behavior of materials with various physical
properties in multilayer coatings at elevated operating temperatures in engineering applications, such as
cutting tools. The study is based on the task of investigating the structural-phase composition in CrN/ZrN
multilayer coatings during the heating of the substrate of 92 wt.% Co-8 wt.% WC alloy with a multilayer
coating consisting of alternating nitride layers of CrN and ZrN.

The aim of this study is to conduct in-situ investigation of ZrN/CrN multilayer coatings using X-ray
structural analysis with synchrotron radiation and to qualitatively assess the behavior of microstrains
in multilayer coatings obtained by plasma-assisted vacuum arc method on a substrate made of 92 wt.%
Co-8 wt.% WC alloy under temperature exposure up to 750 °C. The result is to provide the opportunity to
determine changes in the characteristics of multilayer coatings during heating, such as the change in the
lattice parameter of each component of the coating separately, the possibility of determining the coefficient
of thermal expansion of the coating components, and the qualitative determination of microstrains, as well
as the possibility of forming recommendations for further application of multilayer coating deposition
technology with specified characteristics based on the conducted analysis.

Methods and materials

Experimental specimens subjected to heating during synchrotron investigations were used with ZrN/CrN
multilayer coatings applied to a substrate of 92 wt.% Co-8 wt.% WC alloy using a plasma-assisted vacuum
arc method, obtained at different rotation speeds of the table and substrate holder in the planetary coating
deposition scheme shown in Fig. 1. For the experiment, two coating deposition modes were selected: table
rotation speed of 0.5 rpm (ZrN/CrN-0.5 specimen) and 8.0 rpm (ZrN/CrN-8 specimen).
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In chamber 1, substrates made of 92 wt. % Co-8 wt.% WC
alloy for the deposition of multilayer coatings are attached
to a rotating holder 2, installed on a rotating table 3. A turbo-
molecular pump 4 creates a vacuum in chamber 1, and after
reaching a vacuum of 10 Pa, inert filling gas puffing occurs
through a plasma source 5 to create the required working
pressure in the chamber.

When the gas discharge is ignited with a current of 40 A
and a bias voltage of 700 V is applied to the substrate holder
with the specimens, the substrates are heated to 400 °C.

After cleaning the surface of the objects under investigation

by ion bombardment and its chemical activation, a mixture

of nitrogen and argon gases (90/10) puffing occurs to the

desired pressure, and the arc evaporator discharges are

ignited with a current of 80 A for each of it. One cathode

made of the deposited material (positions 6 and 7) was Fig. 1. Multilayer nanostructured Z-N/CrN
installed in each evaporator, in our case these were Cr coating application unit scheme
(99.9%) and Zr (99.5%).

Specimens with multilayer coatings were circular in
shape, 15 mm in diameter, and 3 mm thick, with a thickness of coatings. The thickness of the coatings was
in all cases 5 um.

The most appropriate method for the research task is in-situ synchrotron characterization of multilayer
coatings during temperature exposure to a multilayer coating deposited on a substrate. Coatings applied to
the 92 wt.% Co-8 wt.% WC alloy substrate were investigated using X-ray diffraction analysis (XRD) with
synchrotron radiation (work was carried out at VEPP-3 synchrotron). The wavelength during synchrotron
experiments was 1.54 A. For in-situ studies, the sample with a multilayer coating was placed on a heated
holder in an air atmosphere. Then the initial XRD pattern was obtained using an asymmetric measurement
method, i.e., with a fixed angle of incidence of radiation in the range of angles 20, selected depending on
the material of the multilayer coating (31-48).

In the next stage, the sample was heated at a given rate, providing exposure time sufficient for step-by-step
construction of the XRD pattern of the sample with the multilayer coating using synchrotron radiation. The
temperature range of heating was determined by the real operating conditions of the coatings. Simultaneous
registration and recording of XRD patterns with a step ensuring sufficient accuracy of identification the
phase transitions and structural changes occurring during heating of the coating in the temperature range
from 50 to 750 °C was made. To ensure the necessary measurement accuracy, a part of the 20 angle range
was registered, in which one reflection of each phase of the multilayer coating was presented. The sample
with the multilayer coating was heated in the temperature range from 30 °C to 750 °C with a temperature
increase rate not exceeding 5 °C/min, providing exposure time sufficient for the construction of the XRD
pattern of the sample, and with a step of 10 °C, XRD patterns were registered and recorded using synchrotron
radiation in the X-ray range of radiation with a scanning step of 0.05 degrees and a range of angular position
scanning of 20 from 31 to 48 degrees.

After obtaining the necessary number of X-ray diffraction patterns at different temperatures, the obtained
profiles were approximated with the determination of such characteristics of the reflections of the present
phases as interplanar spacings (d), the full width at half maximum intensity (FWHM) and identification of
all phases in the multilayer coating within the diffraction patterns selected from the entire array of obtained
patterns after visual assessment of the temperature at the phase transformations beginning. To obtain the
characteristics of the reflections presented in the coating phases, the obtained X-ray diffraction profiles
were approximated by the Pseudo-Voigt function [19].

After determining all the necessary parameters of the diffraction pattern profile, the lattice parameter (a)
was calculated for the cubic symmetry of the CrN and ZrN phases presented in the multilayer coating, as
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well as the coefficient of thermal expansion (CLTE) for each phase at all stages of the heating temperature
range. Based on the obtained data, a dependence of the lattice parameter (a) for each phase of the multilayer
coating on the temperature of exposure was constructed for each stage of the heating temperature range of
the sample with a multilayer coating, as well as the dependence of the change in the lattice parameter (4a)
and graphical determination of the CLTE using the last coefficient of thermal expansion.

Quantitative determination of the crystal lattice parameter (a) was carried out after approximation and
determination of interplanar distances (d) using equation 1 [20]:

a=d-VH*+ K%+ *, (1)

where d is the interplanar distance [A]; H, K, L are the Miller indices of the analyzed reflection.

Based on the calculated crystal lattice parameters of the multilayer coating components using equation
1, it is possible to calculate the linear coefficient of thermal expansion (CLTE) of each component of the
multilayer coating separately using equation 2:

Aa
p=—2. @

where 3 is the CLTE (K'l); a is the crystal lattice parameter in nm; Aa is the change in the crystal lattice
parameter in nm when the sample with the multilayer coating is subjected to a temperature change (A7 [K]).

To assess the temperature at which microstresses may occur, the full width at half maximum intensity
(FWHM) of the coating phases was plotted against temperature. As it is known from literature [21] that
the magnitude of microstresses is directly proportional to FWHM, comparing the FWHM of at least two
samples with multilayer coatings allows for conclusions to be drawn about the degree of microstresses
present in multilayer coatings.

Results and discussion

The heating was carried out in an air medium on a holder with a platinum heating element. The initial
state of the multilayer coating material was characterized by obtaining an X-ray diffraction pattern at a tem-
perature of 30 °C. In our case, for the CrN and ZrN coating phases, the X-ray diffraction pattern registration
range was 3148 20.

Figure 2 shows an array of X-ray diffraction patterns obtained at a heating rate of 5°C/min, by the
asymmetric scanning method using synchrotron radiation transformed into monochromatic radiation with a
wavelength of 1.54 A, during the heating ZrN/CrN-coated samples in the temperature range from 30 °C to
750 °C. The array consists of 71 projections of X-ray diffraction patterns obtained from both the substrate
surface and the layers of the deposited multilayer coating, where each projection of the diffraction pattern
represents a gradation of pseudo-color, shown in Fig. 2, indicating the intensity of the obtained signal dur-
ing the X-ray diffraction pattern construction. Such data visualization is convenient for a qualitative analy-
sis of phase transformations.

The graphs presented in Fig. 2 (a, b) allow assessing the final stage of phase transitions in multilayer
coatings. In the case of the CrN/ZrN coating applied at a table rotation speed of 0.5 rpm, the coating phase
completely disappears at 575 °C, while the CrN/ZrN multilayer coating applied at a table rotation speed of
8 rpm completely loses its phase only at 635 °C.

Fig. 3 shows selected X-ray diffraction patterns from the array shown in Fig 2. The temperature interval,
initial and final points of temperature exposure are chosen for the sake of readability of a smaller data array
and considerations of the end of phase transformations. As shown in Fig. 2, coating phases in multilayer
coatings completely disappear after 650 °C, and it is advisable to limit the temperature range from 30 °C
to 650 °C.

In Table 1, the calculated values of interplanar spacing (d, A), the width of the reflection at FWHM (in
degrees), as well as the lattice parameter of the crystalline structure for the components of the CrN/ZrN
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a b

Fig. 2. Projections of X-ray diffraction patterns, in pseudocolor gradation, denoting the signal intensity
when taking X-ray diffraction patterns:

a—ZrN/CrN 0.5 rpm; b — ZrN/CrN 8 rpm

a b

Fig. 3. A series of X-ray diffraction patterns of an experimental sample with a multilayer ZrN/CrN coating,
obtained by asymmetric imaging using synchrotron radiation when heating from 30°C to 750°C:

a—ZrN/CrN 0.5 rpm; b — ZrN/CrN 8 rpm

Table 1

Characteristics of phase reflections in the sample with multilayer coating of Cr/V/ZrN obtained
at a substrate holder rotation speed of 0.5 rpm depending on the temperature of exposure

Temperature, °C Reflection, phase d, A FWHM, deg. a, nm
50 (111) ZrN 2.654 1.0131 4.5965
(111) CrN 2.45 1.5584 4.2426

100 (111) ZrN 2.653 1.0433 4.5956
(111) CrN 2.44 1.3269 4.2265

200 (111) ZrN 2.658 0.9849 4.6030
(111) CrN 2.45 1.4758 4.2428

400 (111) ZrN 2.662 0.9586 4.6105
(111) CrN 2.456 1.5005 4.2540

500 (111) ZrN 2.664 0.915 4.6145
(111) CrN 2.454 1.4635 42511

550 (111) ZrN 2.662 0.8375 4.6103
(111) CrN 2.455 1.5585 42516

Vol. 25 No. 2 2023 %
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multilayer coating, obtained at a substrate holder rotation speed of 0.5 rpm, are presented according to the
known Equation (1) [20].

The calculation of CLTE was performed using Equation 2 for each temperature point presented in
Table 1. The X-ray diffraction pattern (Fig. 3) shows the reflections (111) of the CrN and ZrN phases of the
multilayer coating in the selected temperature range.

The dependence of the lattice parameter on the temperature is shown in Fig. 4, a. The graph shows that
the lattice parameter of the coating materials (CrN and ZrN) increases, indicating an increase in material
volume, which occurs according to a linear law with some error. The dependence of the lattice parameter
on the exposure temperature is shown in Fig. 4, b.

4.620 1 0.020

g —m—(111) CtN 0.5 —m—(11HCINOS
O157 |_e—(11yziNOS /'\ 0.0181 —e—(111)ZN 05 L]
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Fig. 4. Dependence of the crystal lattice parameter of the ZrN/CrN multilayer coating phases on temperature — a;
dependence of the changes in the crystal lattice parameter (Aa) of the phases of the ZrN/CrN multilayer coating
on temperature — b

Equation 2 is applied as follows. Obviously, Figure 4b is a modified graph shown in Figure 4a, such
that Aa = a, — a,, where a is the lattice parameter at a higher temperature (in the case of Figures 4a, b, the
highest values on the linear segments: 50-550 °C), and a,, is the lattice parameter at the beginning of the
linear segments (in the case of Figures 4a, b, the lowest values on the linear segments: 50-550 °C). That is,
for the heating range from 50 °C to 550 °C, the CLTE (B) of the ZrN phase of the multilayer coating will
be calculated as:

5, — b0145-4,5065
7N~ 4.5965(550 — 50)

For the linear heating range from 50 °C to 550 °C, the lattice constant (B) of the CrN phase of the mul-
tilayer coating will be calculated as:

~7,83.10°°K!

B,y — 2516-4,2426
CrN =4, 2426(550 - 50)

Equation 2 can be represented graphically as a dependence of the change in the lattice parameter (Aa) on
the temperature of exposure, as shown in Fig. 4, b. The slope of the tangent in this case is the rate of change
of the lattice parameter value (nm) per 1 °C during heating.

The thermal expansion coefficient (7TEC) over the entire temperature range of exposure from 50 °C to
650 °C will be positive for both phases of the multilayer coating: 2.28249x 107 K™ for the CrN phase and
3.54878x10* K" for the ZrN phase.

Fig. 5 shows the dependence of the FWHM of the (111) reflections of the CrN and ZrN phases on the
temperature of exposure. Based on the possibility of the occurrence of microstrains with an increase in the
FWHM value, it can be concluded that the increase in microstrains is possible in the temperature range

~4,24.10°K!
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from 50 °C to 400 °C for the CrN phase. After
reaching the temperature of 400 °C, the FWHM
value increases and, accordingly, microstrains
will also have an increasing dependence for the
CrN phase. For the ZrN phase, the situation is
reversed: the FWHM value decreases almost
throughout the heating process, and according-
ly, microstrains will only decrease.

Table 2 presents the calculated values of
interplanar distances (d, A), the full width at half
maximum (FWHM) values (degrees), as well
as the calculated lattice parameter for the CrN/
ZrN multilayer coating obtained at a substrate
holder rotation speed of 8 rpm using the known
Equation 1 [20].

The CLTE -calculations were performed
using Equation 2 for each temperature point
presented in Table 1. The X-ray diffraction

pattern shows the reflections (111) of the CrN and ZrN phases of the multilayer coating in the selected

temperature range.

Characteristics of reflections of all phases, presented in a sample with a multilayer CrV/ZrN coating,

Fig. 5. Dependence of FWHM reflection of (111) CrN and

OBRABOTKA METALLOV %

(111) ZrN multilayer coating on temperature

Table 2

obtained at a substrate holder rotation speed of 8 rpm as a function of temperature

Temperature, °C Reflection, phase d, A FWHM, deg. a, nm
50 (111) ZrN 2.6596 1.1329 4.6065
(111) CrN 2.4595 1.5925 4.2599
100 (111) ZrN 2.6644 1.0414 4.6148
(111) CrN 2.4679 1.5137 4.2745
200 (111) ZrN 2.6671 1.0504 4.6195
(111) CrN 2.4633 1.6553 4.2665
400 (111) ZrN 2.6721 1.0941 4.6282
(111) CrN 2.4519 1.6526 4.2468
500 (111) ZrN 2.6732 1.0407 4.6301
(111) CrN 2.4595 1.6878 4.2599
550 (111) ZrN 2.6729 0.9904 4.6295
(111) CrN 2.4572 1.6518 425599524
600 (111) ZrN 2.6698 0.8949 4.62422925
(111) CrN 2.4739 1.652 4.28492049

The dependence of the crystal lattice parameter on the temperature is shown in Fig. 6, a. From the
graph, it can be seen that the crystal lattice parameter of the coating materials (CrN and ZrN) increases,
1.e., the material expands, and this occurs according to a linear law with some error. The dependence of
the crystal lattice parameter change on the temperature of the coating materials (CrN and ZrN) is shown

in Fig. 6, b.

Equation 2 is applied as follows. Obviously, Fig. 6, b is a rearranged graph shown in Fig. 6, a, such that
Aa = a, — a,, where a, is the lattice parameter at a higher temperature (in the case of Figures 6, a, b, the
highest values on the linear segments: 50-550 °C), and q,, is the lattice parameter at the beginning of the
linear segments (in the case of Figures 6, a, b, the lowest values on the linear segments: 50-550 °C). Thus,
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Fig. 6. Dependence of the changes in the crystal lattice parameter of the phases of the ZrN/CrN multilayer coating
on temperature — @; dependence of the changes in the crystal lattice parameter (Aa) of the phases of the ZrN/CrN
multilayer coating on temperature — b

for the heating range from 50°C to 550°C, the XRD () of the ZrN phase of the multilayer coating will be
calculated as:

4,6242 - 4,6065

- =6,99-10 0K
P2 = 4 6065600 -50) > '

In the case of the CrN coating component, it can be seen from Fig. 3a that the dependence is not linear
but consists of two linear segments.

The first segment is 50400 °C, and for it, the CLTE should be calculated separately. For the linear heat-
ing range from 50 °C to 550 °C, the lattice constant (f) of the CrN phase of the multilayer coating will be
calculated as:

4,2468 - 4,2599

_ - -8,79-10°K!,
Perv 4,2599(400 — 50)

In the temperature range from 50 °C to 400 °C, the component of the C#N multilayer coating undergoes
compression.

The second section, from 400 °C to 600 °C, should also be calculated separately. For this linear heating
range, the lattice constant of the CrN phase of the multilayer coating () is calculated as:

B = 02849 -4,0468
CrN =4 2468(600 — 400)

In the temperature range of heating from 400°C to 600°C, the expansion of the component of the CrN
multilayer coating occurs, but the CLTE of the CrN component is an order of magnitude higher than that of
the ZrN component of the multilayer coating.

For clarity, Equation 2 can be represented in graphical form as a dependence of the change in the lattice
parameter (4a) on the temperature of exposure, as shown in Fig. 6b. The tangent of the slope angle in this
case is the rate of change in the value of the lattice parameter (nm) per 1 °C during heating.

The CLTE value for ZrN phase in the temperature range of 50 °C to 600 °C is positive and equals
3.44x10” nm/K, as shown above the red straight line. For the CrN phase of the multilayer coating, in the
temperature range of 50 °C to 400 °C, the CLTE value corresponds to a negative value of =5.55x10” nm/K.
The positive CLTE value is observed in the temperature range of 400 °C to 600 °C, and it equals 1.61x 10"
nm/K for the CrN phase of the multilayer coating.

= 4,49.10°K !,
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Figure 7 shows the plot of the dependence of FWHM
of (111) CrN and (111) ZrN phase reflections on the
temperature. Based on the possibility of the occurrence
of microstresses with an increase in the FWHM value,
it can be concluded that microstresses can occur to a
small extent for the CrN phase of the multilayer coating
up to 200 °C. After reaching the temperature of 200
°C, the FWHM value remains, on average, at the same
level. For the ZrN coating component, the FWHM
value slightly increases up to the temperature of 400
°C, and then the FWHM value decreases, accordingly,
microstresses will also have a decreasing dependence.

As a result of the sequential actions with obtaining
X-ray diffraction patterns of Samp les with coatipgs Fig. 7. Dependence of FWHM reflection of (111) CrN
under temperature exposure, sampling and evaluation
of X-ray diffraction patterns according to the proposed
algorithm, recommendations for the application of
coating technologies depending on the parameters of coating application can be made.

The recommendations consist of a two-stage algorithm, consisting of:

1. Determining the CLTE of individual coating components;

2. Determining the FWHM and comparing it with the FWHM minimum of two samples with coatings.

If the calculated CLTE values for some coating components exhibit differences, the deposition mode in
which the CLTE of coating components exhibits the minimum differences at any temperature is selected as the
optimal deposition mode. The temperature, at which the CLTE of coating components exhibits the minimum
differences or is equal, is selected as the optimal mode of multilayer deposition, and the coating in which the
FWHM values, as determined by the X-ray profile approximation, exhibit a decreasing dependency, is most
suitable for prolonged use due to the minimal microstresses existing in the coating.

and (111) ZrN multilayer coating on temperature

Conclusions

Based on the conducted research using the proposed algorithm, conclusions and recommendations can
be made regarding the application and use of CrN/ZrN coatings:

A multilayer coating of CrN/ZrN deposited at a table rotation speed of 0.5 revolutions per minute
(rpm) had varying CLTE values throughout the entire thermal testing, with differences in CLTE between
components exceeding 50%. For the multilayer coating deposited at a table rotation speed of 8 rpm, the
CLTE dependence was found to be linear only for the CrN component, while the ZrN component exhibited an
extremum in the temperature range of 400 °C. Prior to heating the coating to 400 °C, the CLTE was negative,
and after reaching 400 °C, it changed sign to positive. This indicates that within a narrow temperature range
around 400 °C, the CLTE of both coating components will not differ significantly. Therefore, the coating
application mode with a table rotation speed of 8 rpm will be optimal.

Based on the FWHM data, the occurrence of microstresses is possible for both coating application
modes (0.5 and 8 rpm). However, for the coating application mode with a table rotation speed of 8 rpm,
no microstresses were observed for the CrN component, even after exposure to 500 °C. This leads to the
conclusion that this deposition mode for the multilayer coating is optimal.
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