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Received: The present report describes the deposition of SiC-NiCr films on Zr substrates under an H»
13 May 2023 gas environment by plasma focusing (PF). Using the spark plasma sintering (SPS) method, the
Revised: anode for the plasma focus device was made from SiC, Ni, and Chromium powders. X-ray
10 September 2023 diffraction (XRD) of SiC-NiCr samples shows a change in the position and intensity of the peaks
in 1000 °C temperature compared to the XRD spectrum at room temperature (RT). The surface
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3 OctI:) ber 2023 characteristics and structure of the synthesized coating were investigated with Field Emission
Published online: Scanning Electron Microscopy (FESEM) at RT and 1000 °C. According to the FESEM images,
30 December 2023 the average coating nanoparticles size increases from 58.2 nm to 326.6 nm, and the average

coating thickness increases from 0.85 yum to 60.34 um by increasing the temperature. At high
temperatures, the thermogravimetric analysis (TGA) of samples indicates a reduction in corrosion
rate from 3.25 to 0.22 mg/cm?. The coating of Zr with a thin layer of SiC-NiCr is capable of
preventing or reducing the possibility of hydrogen explosions in extreme conditions.
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1. Introduction material. A sudden increase in fuel cladding temperature
is also observed. By releasing additional heat due to the
exothermic reaction, Zr based claddings interact with steam
at high temperatures (above 800 °C) and cause oxidation
and embrittlement:

ter result in large quantities of hydrogen gas being released . (s) + 2H20 (1) — ZrOs (s) + 2Hy (g) + 584.5 kJ/mol
[4, 5]. Due to their high strength and corrosion resistance in 5 practical solution to this problem is the development
the cooling environment, zirconium alloys are used for the ¢ protective coatings on the surfaces of Zr fuel sheaths

production of nuclear fuel pellets [6]. After the 2011 Japan [14, 15]. The protective coating should reduce the hydrogen
Earthquake and Tsunami, there was considerable interest absorption of Zr based alloys in reactors, improve corro-

worldwide in developing fuel pellets that perform better ¢, resistance, and protect against high-temperature ox-
in rare situations [7-11]. In the event of a loss of coolant  ;4.tion [16-18]. Since silicon carbide has an excellent
acc1denF _(LOCA)" fuel cladding can be subjected to t}'1e corrosion resistance and a similar thermal neutron capture
most critical conditions [12, 13]. The loss of pressure in cross—section to zirconium, it is one of the primary op-
the nuclear core and th.e coolant v.aporlzatlon canresultin  ouq for protecting or replacing fuel claddings [19-22].
LOCA events if the primary cooling system breaks down. Using a magnetron sputtering system, M. J. Suriani et al.

In the.se condition§, the temperature of the fuel. rises, in- produced an amorphous SiC coating by depositing silicon
creasing the porosity of the fuel and fragmentation of the

Following the Fukushima nuclear accident, Zr based alloys
were found to lose their integrity under critical conditions
[1-3]. High temperature reactions of zirconium (Zr) and wa-
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Figure 1. a) Schematic of Mather plasma focus device and b) Image of the plasma focus device used in the research.

carbide (SiC) films on stainless steel. For periods of pro-
longed immersion, metals that have not been coated lose
more weight than metals that have been coated [23]. As
a result of the use of a Mather type dense plasma focus
device with a 20 kJ utility, Z.P. Wang et al. were able to
grow silicon carbide (SiC) films on a silicon substrate [24].
Using DC magnetron sputtering of composite cathodes, 1.5
pm thick amorphous SiC coatings were deposited on zirco-
nium alloy substrates [25]. R. Schmid and K. Bhanumurthy
analyzed bulk diffusion pairs of SiC with Cr, Zr, and Ni
metals at temperatures ranging from 700 °C-1300 °C to
determine the interfacial reactions. Complex structures are
formed in the reaction zone as a result of interface reac-
tions. SiC/Ni interface reactions produce periodic bands,
whereas SiC/Cr and SiC/Zr produce layered structures. As
a result of the present investigation, it has been found that
the main diffusing species in the SiC/Cr and SiC/Zr couples
are C and metal atoms. Carbon has almost no mobility in
diffusion couples based on SiC/Ni [26]. The electron depo-
sition method was used to prepare nanocomposite coatings
from nickel on pure copper samples by Mansour Hashem
et al. who realized that nickel-chromium, nickel-silicon,
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Figure 2. Rogowski coil current derivative signal at pinch
time.

and carbide-chromium coatings with chromium and silicon-
carbide particles increases the microhardness and wear resis-
tance [27]. Deposition of metal matrix composites (MMCs)
consisting of carbides, metals and, some other materials is
a flexible and low-cost method for composite coating. New
composite SiC-NiCr films have shown better mechanical,
tribological, anti-corrosion and anti-oxidation properties
compared to the pure metal coatings.

In this study, according to the purpose of the research, zirco-
nium was used as a substrate due to its low neutron absorp-
tion cross section in nuclear applications. We chose the PF
method because chemical reactions are reduced and the pre-
pared coatings are more resistant to corrosion compared to
other coating processes such as electro deposition. We select
the SiC-NiCr coating because of its remarkable properties
including low hydrogen absorption coefficient, hardness and
excellent corrosion resistance, which is a critical feature for
the Zr substrate at high temperatures to prevent hydrogen
embrittlement [28]. Due to the short duration and high ion
density, PF discharge produce plasmas with high ion den-
sity that, after exposure to a high energy density, cause the
anode (SiC-NiCr) to be pulverized and produce a vapor that
can be rapidly deposited [29, 30]. As far as we know, the
present study is the first to investigate the spectroscopy of
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Figure 3. Performance of plasma focus device.
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Table 1. Specifications of the SPS device.

Maximum temperature (°C) 2200
Vacuum (torr) 1072
Voltage (V) 20
Maximum current power (kA) 10
Maximum pressure (Torr) 60
Power supply DC pulse
Frequency (Hz) 200

SiC-NiCr nanocomposite coatings that are plasma focused.
SiC-NiCr coating was grown on a Zr substrate using a PF
device. An analysis of the structural and corrosion behav-
ior of SiC-NiCr cermets produced at high temperatures is
presented in this paper. XRD, FESEM and AFM were used
to investigate the structure and surface topography of the
synthesized samples, while thermogravimetric analysis was
used to evaluate their corrosion properties.

2. Material and Methodology

A 2 kJ Mather type plasma focus device was used in this
experimental study to deposit SiC-NiCr coatings. Zr was
used as a substrate with dimensions of 10 mmx 10 mmx 1
mm. It is important to note that the used PF device has a 39
UF capacitor bank, which can be further charged up to 12
kV. There are twelve brass cathode electrodes, each measur-
ing 10 mm in diameter and 145 mm in height, around the
copper anode electrode, which measures 29 mm in diameter
and 95 mm in length. The electrodes are separated by a
pyrex insulator with a height of 50 mm.

The schematic of the plasma focus device and the image
of the PF device used in the research are shown in figure
1. Anode was prepared using silicon carbide, chromium,
and nickel powders (99.9% purity) at weight ratios of 100,
80, and 20 gr, respectively, using a spark plasma sintering
(SPS) procedure. An SPS process involves the creation of
a powder. During this process, powder materials are heated
within a furnace at a temperature below their melting point.
Thus, the atoms move within the powder particle (infiltrate),
and the bond between them is formed. Table 1 contains the
specifications of the SPS device used. A rotary compressor
lowered the pressure of the entire electrode set to 0.2 torr
within a vacuum container. Afterward, H, gas was injected

Table 2. The deposition conditions of the prepared
SiC-NiCr coating.

Effective length of the anode (mm) 95

Anode diameter (mm) 29
Effective insulation height (mm) 50
Cathode rod height (mm) 145
Cathode rod diameter (mm) 10
Number of cathode rods 12
Anode to substrate distance (mm)  46.5
Number of shots 20
Optimal voltage (kV) 12

JTAP18 (2024) -182404  3/10

Table 3. XRD results of a structural SiC—NiCr thin film.

Sample Micro Crystal Crystallite
°C strain  dislocation size
(x1073) (nm)
25 0.29 0.44 472
1000 0.19 0.23 65.08

into the vacuum container. An optimal pressure of 0.2 torr at
a voltage of 12 kV was found to be optimal for an excellent
pinch in the experiment. An oscilloscope was used to record
the voltage in terms of the current waveform at pinch time
received from the Rogowski coil (Fig. ??). An electrostatic
field was applied between the anode and cathode by means
of a 39 uF capacitor recharged by a high voltage in order to
operate the PF device. The surface of the insulator was then
affected by an electrical discharge, resulting in layer of cur-
rent on it. Lorentz force is created when a self—consistent
magnetic field is created to accelerate the current layer to-
ward the anode’s open end. This resulted in compression
of the anode’s current layer, creating heated dense plasma.
The elimination of the plasma column generated a strong
magnetic field, which must be noted. A collision between
high—energy electrons and the anode occurred when the
electrons and ions were accelerated in opposite directions
(Fig. 3). Samples were placed 46.5 mm above the anode.
Table 2 shows the deposition conditions for the prepared
SiC-NiCr coating.

XRD, FESEM, AFM, and TGA were also conducted on the
SiC—NiCr coating placed at 0° relative to the anode axis
with 20 shots. The XRD (PHILIPS PW1730) with Cugg
radiation of wavelength 1.5406 A at a generator setting of
30 mA and 40 kV in the 26 range from 10° to 80° and
step size 0.05° was used to obtain the structure of the
SiC—NiCer thin films. Using FESEM, the surface morphol-
ogy of the coating was analyzed (MIRA 3 TESCAN). An
AFM (Nanosurf Mobile S) was used to measure the rough-
ness of the surface. TGA charts were recorded using the
SDT Q600 TA differential thermal analysis device.

3. Structural properties

3.1 Grazing incidence X-ray diffraction (GIXRD)

X—ray diffraction spectrum of SiC-NiCr coatings at RT
and 1000 °C by grazing technique is shown in Figure 4. In

Table 4. Parameters of the misfit strain and misfit stress.

b (x1079/K)  9.65
by (x107%/K)  7.20
g (x1073) 2.30
E; (x10% (Gpa) 2.045
vy 0.30

oo (Gpa) 0.67
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Figure 4. X-ray diffraction patterns at room temperature and 1000 °C.

this method, the incident X—ray beam strike the sample
at a very small angle (< 50°) and analyzes the scattered
X ray beams of the surface structure. The peaks related
to diffraction NigCrsO1¢ were observed in the angles of
32.64°,35.17°,42.21°, 48.67°, 51.16°, 53.43°, and 57.94°,
assigned to (200), (112), (221), (113), (310), (311), and
(241), crystallographic planes, respectively, according to
the JCPDS PDF no. 96—100—8083. Also, at 1000°C, the
spectra of the film deposited show two diffraction SiC
peaks at 35.73° and 60.14° assigned to (111) and (022)
crystallographic planes, respectively, according to the
JCPDS PDF no. 96—900—8857 (Fig. 4).

The average sizes of the crystallites D, crystal dislocation &,
and micro strain € were estimated from the main reflections
of the XRD and were calculated by the following relations
(1), (2), and (3). [29]

KA
- BcosO M
1
0= D2 (2)

(@

coating iy high
temperafure

_ BcosO
T4

where k is the shape factor (k=0.94), A is the wavelength of
the applied X-ray (Acux¢=0.154056 nm), 0 is the Bragg’s
angle, and f is the pure diffraction line broadening (in
radians), which can be found by measuring the full width
at the half maximum (FWHM). Table 3 illustrates the XRD
results of a structural SiC-NiCr thin film on the Zr substrate.
According to Table 3, the crystallite size increases at 1000°C
temperature. Also, the crystal dislocation and as a result the
microstrain of the SiC-NiCr coating is reduced compared
to room temperature.

€

3)

3.2 Field emission scanning electron microscopy (FE-
SEM)

A FESEM was used to determine the morphology of
the nanoparticles prepared. A description of the surface
morphology of the SiC—NiCr layer on Zr is provided in
Figs. 5a and b. An island—Ilayer structure is formed by
coating nanoparticles (Stranski—Krastanov growth). An
island—layer growth process involves the formation of

®)

Coating in feom
temperatufe + -
R gy

Figure 5. FESEM images of SiC—NiCr coating at high temperature (a) and room temperature (b).
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Figure 6. Cross section images of SiC-NiCr thin films in (a) room temperature and (b) high temperature.

one or more monolayers, followed by the formation of
islands. When the coated film and substrate are grown
in this manner, a mismatched lattice may form. Based
on the deposition temperature of the coated film on the
substrate, the grain size of the film is determined [31]. The
heating rate of the coating is 20°/min. A decrease in the
heating rate is expected to cause the growth of the crystals
formed on the surface, resulting in greater homogeneity of
the layer between 25 and 1000 °C. Reducing the weight
percentage of Ni and Cr in the SiC—NiCr combination
can also become one of the effective factors in achieving a
homogeneous layer.

In the case of RT and high temperature, the average
thickness of nanoparticles is 0.85 um and 60.34 um,
respectively (Figs. 6a and b). The increased thickness
improves the corrosion resistance of the SiC—NiCr coating
on a Zr substrate at a temperature of 1000°C. FESEM
image of SiC—NiCr coating crack formation at 1000°C is

WD: 14.38 mm
View field: 37.6 pm Det: SE 10 pm

SEMHV:15.0kV |

Lot

SEM MAG: 3.38 kx | Date(midiy): 12/03/22 |

shown in Figure 7. This coating has an estimated crack
separation distance of 2.7 um. Thermal treatment and other
fabrication processes subject thin films to high residual
stresses. On reaching critical values, these stresses, if
tensile, result in cracks forming in the films. Thin films are
often subjected to residual stresses when misfit strain &
is applied to them. In the case of a film with a different
thermal expansion coefficient than its substrate, the misfit
strain will be biaxial and will measure the following:

&y = (by=bs)AT “

f indicates the film, while s indicates the substrate, and AT
indicates the temperature drop as well as b indicates the
thermal expansion coefficient.

Misfit stresses in films are also biaxial, with magnitudes of

&Ey

-y ©)

0o

2.7 micromet

Figure 7. FESEM images of a crack formation on SiC-NiCr thin film deposited at 1000 °C.
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Figure 8. Energy dispersive X-ray of SiC-NiCr coating in (a) room temperature and (b) high temperature.

E represents Young’s modulus, and v represents Poisson’s
ratio. The misfit strain and misfit stress were obtained as
0.0023, 0.67 Gpa, respectively (Table 4).

3.3 Energy-dispersive X-ray Spectroscopy (EDX)

An EDX analysis was conducted in order to determine the
elements that make up the sample. Figure 8 illustrates the
energy-dispersive X-ray image of the SiC-NiCr coating
at RT and high temperature, together with the weight
percentage of the coating on Zr. Zr and C exhibit high
intensity peaks, as shown in Fig. 8. Particle degradation
has been observed at 1000 °C, resulting in a reduction in
SiC in the coating. Alternatively, high temperatures pro-
mote the growth of Ni and Cr nanoparticles on Zr substrates.

3.4 Atomic force microscopy (AFM)

As a measure of surface roughness, a microscope of atomic
force is employed in a non—contact state with a needle that
has a diameter of less than 10 nm and a length of about 2
um. Figures 9 illustrate AFM images of SiC-NiCr coating
with DPF at RT and 1000 °C on the Zr substrate with di-
mensions of 8.7 x 8.73 um. As can be seen, the coating
surface at 1000 °C is smoother than the coating surface at
RT. One of the reasons for this could be that the disper-
sion of nanoparticles is uniform at RT, but at 1000 °C these
nanoparticles coalesce and experience coaxial growth on
the surface. In response to an increases in deposition tem-
perature, changes in the size and density of crystal nuclei
cause a significant change in the film morphology and sur-
face roughness. According to figure 9a, SiC-NiCr coating at
RT have average surface roughness (R,), root mean square

(2) coating in room temperature

3D image

Polynomial it GXnm

(b) coating in 1000°C

Potynomial & 1.01um

b
|

3D image

Pobyramial & 101 m

Figure 9. AFM images of SiC-NiCr thin films at (a) room temperature and (b) 1000 °C.
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Figure 10. Graph of weight gain of Zr substrate and SiC-NiCr coating versus time at 1000 °C.

(Ry) of 81.75 nm and 101.5 nm, respectively, and according
to figure 9b, these quantities increased to 123.55 nm and
146.29 nm with increasing the temperature to 1000 °C.

4. Corrosion properties

4.1 Thermogravimetric analysis (TGA)

In a controlled environment, TGA determines how mass
changes in response to temperature and time. This method
involves placing the sample inside a plant and measuring
the changes in the weight of the sample. A change in weight
causes the magnetic core on the end of the wire to enter

and exit the coil cylinder. In response to the movement of
this core, an electric current corresponding to the change in
weight of the sample is induced in the coil, and after being
amplified, it is sent to the recording device. To measure
the temperature of the sample, a thermocouple is placed
near the bush where the sample is located. As part of the
recording process, the vertical axis of the curve of changes
in weight of the sample based on temperature changes is
determined by the current induced in the coil, proportional
to changes in weight, whereas the horizontal axis of the
curve is determined by the electric current generated in the

a
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Figure 11. The graph of changes weight of the Zr substrate and SiC-NiCr coating versus temperature in a) 20 °C-200 °C, b)
200 °C-400 °C, c) 400 °C-600 °C, d) 600 °C-800 °C, and e) 800 °C-1000 °C.
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thermocouple. Zt’s corrosion behavior is assessed using the
equation;

W =Ar", (6)

where W represents the weight gain (%) and ¢ (min)
represents the duration of the sample’s exposure to the
corrosive environment. Both A and n are constants. A
number of factors, including transverse cracks and changes
in the grain size of the oxide layer, will decrease the
penetration rate in the oxide layer and will lower the value
of n as a result. As shown in Figure 10, the weight gain of
Zr substrate and SiC-NiCr coating at 1000 °C is plotted
against time.

In comparison with the uncoated Zr, the SiC-NiCr coating
resulted in a substantial decrease in weight gain (3.25
mg for substrate and 0.22 mg for SiC-NiCr coating).
According to Figure 11a, the weight of the Zr substrate
and the SiC-NiCr coating changes as the temperature
changes from 200-1000 °C. As the weight percentage
changes during the course of the TGA curve, the first
phase of decomposition begins at a lower temperature and
progresses to a higher temperature. In the range of 20
°C-200 °C and 800 °C-1000 °C, the lowest and highest
weight changes were observed, respectively. At 20 °C-200
°C, a decrease in mass is observed immediately after
turning on the furnace and applying heat to the sample,
which indicates that the raw material contains moisture
(Fig. 11b). In the temperature range 200 °C-400 °C, the
sample remains in a stable state when heated, and this state
persists until it reaches a specific temperature, when the
mass of the substance rapidly decreases, and the substance
is once again in a stable state (Fig. 11b). By increasing
the furnace temperature to 400 °C-600 °C and 600 °C-800
°C, the oxidation reaction between the sample and the
surrounding atmosphere occurred, resulting in an increase
in weight (Figs. 11c,11d). During high temperatures 800
°C-1000 °C, the substrate and coating undergo a significant
weight change (16.8% and 1.73%, respectively), which
may be caused by gas-solid reactions, oxidation, surface
absorption, or internal absorption (Fig. 11e).

Corrosion rate (CR) is expressed as millimeters per year
(mm/y) using weight changes W as follows:

_ kmjogs
pSt

)

A constant value of 8.76 x10* is used for k, and CR is
expressed in millimeters per year. S is the area of the
desired material, p is the density of the material in gr/cm?
and my, is the loss of mass of the material in time ¢ (hours)
[32].

During the corrosion process, the surface area changes with
time as the objects dissolve in the corrosion environment.
For uncoated and coated Zr substrates with SiC-NiCr,
corrosion rates determined by TGA analysis and Eq.
6 as 1.31 x10~3 mm/year and 0.08x1073 mm/year,
respectively.

Anousha et al.

5. Conclusions

Using a low-energy Plasma Focus Device, SiC-NiCr
nanocomposites were grown on Zr substrates. In this
experiment, 0.2 torr of pressure at 12 kV voltage was
found to be the optimal pressure for the proper pinch.
According to the XRD results, the peaks related to SiC
at 1000 °C in (111) and (022) crystallography planes and
also, peaks related to diffraction of NigsCrsO14 in (200),
(112), (221), (113), (310), (311), and (241) crystallographic
planes were observed. At higher temperatures, FESEM
images show that the nanoparticle size and coating
thickness increase. TGA analysis revealed that the most
weight changes of the substrate and coating occurred at
temperatures between 800 °C and 1000 °C. Based on TGA
analysis and ASTM standards, the corrosion rate of Zr
substrate without coating and coated with SiC-NiCr is
1.31x 107 mm/year and 0.08 x 10~ mm/year, respectively.
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