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Abstract

To assess the strength of coatings under multi-axial stress conditions, a method was developed to evaluate the
biaxial strength of thin silicon carbide (SiC) coatings using a Ring-on-Ring test. A graphite substrate was used
as an intermediary to transmit stress from the load ring to the coated specimen, and the thin coating was
subjected to a uniform equi-biaxial stress. The strain in the thin film was continuously monitored using digital
image correlation, allowing the identification of the time at which and when the initial crack occurred; the stress
applied to the loading area at time was determined to be the fracture strength of the thin SiC films. The obtained
fracture strength ranged from 209 to 1014 MPa and was dependent on specimen volume. Notably, the thinnest
specimen exhibited the highest strength, whereas the strengths of thicker specimens approached previously

reported bulk strengths.
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1. Introduction

Silicon carbide (SiC) and SiC fiber-reinforced SiC matrix composites (SiC/SiC), which are renowned
for their exceptional properties, including high strength, high- temperature stability, excellent oxidation
resistance, and wear resistance, are deemed to possess superior fundamental properties among engineering
ceramics.!* These materials are expected to be applied in aircraft engine components, fusion reactor blankets,
and nuclear reactor fuel claddings.’® The manufacturing methods for SiC/SiC composites are primarily
classified into chemical vapor infiltration (CVI), polymer infiltration and pyrolysis (PIP), and melt infiltration
(MI).3 However, PIP-manufactured SiC/SiC composites often exhibit 10-20 % residual pores and precipitation
of excess elements.? Similarly, the MI method results in the precipitation of residual Si, C, and additives as
secondary phases, which reduces oxidation and creep resistance.? Pore formation inside the preform remains a
concern even in the CVI method, which is known to produce the highest-purity materials among these
manufacturing methods. Recent advancements have been made in the development of small modular reactor
cores using additive manufacturing (AM).”® However, the presence of residual impurities from the thermal
decomposition process, such as Si0», may potentially serve as initiation points for corrosion in high-temperature
and high-pressure cooling water applications.” Hence, the application of corrosion-protective coatings is
necessary. For example, environmental barrier coatings (EBCs) with a thickness of approximately 100 um are
commonly employed to protect ceramic matrix composite (CMC) components, such as SiC/SiC, in aircraft jet
engines from high-temperature oxidation environments.'® On the other hand, coatings for nuclear reactor-
related components must be as thin as possible to maintain thermal conductivity and neutron economy.
Therefore, research efforts are underway to develop surface coatings using metals or their compounds such as
Ti, Cr, ZrC, CrN, TiN, and ZrN.!'"!> However, delamination of these coatings has been reported after neutron
irradiation, primarily on account of the differences in the volume expansion induced by neutron irradiation
between the metal coatings and SiC. Since the optimal approach comprises applying coatings to ceramic
substrates with comparable irradiation behaviors, some research is being carried out to develop corrosion-
resistant ceramic coatings, such as dense SiC deposited by chemical vapor deposition (CVD) and oxide

ceramics of approximately 15 pm thick.!%!”



To develop ceramic coatings, it is crucial to evaluate the strength of the coatings themselves. For
example, the fuel cladding tube is subjected to highly concentrated biaxial stress owing to pellet-cladding
mechanical interaction (PCMI), highlighting the importance of assessing the strength of the coating under such
stress conditions. Tensile testing is the most direct method of investigating the mechanical properties of thin
films. Previous assessments of thin SiC film strengths have attempted to evaluate mechanical properties such
as tensile strength, elastic modulus, and stress-strain data, even attempting to obtain their elastic moduli through
biaxial tensile testing.'3?! Previous assessments of thin SiC film strengths have attempted to evaluate
mechanical properties such as tensile strength, elastic modulus, and stress-strain data, even attempting to obtain
their elastic moduli through biaxial tensile testing. However, handling very thin test specimens presents
challenges that compromise the reproducibility of the results. In addition to tensile testing, alternative methods,
such as nanoindentation, bulge testing, and bending testing using cantilever test specimens, have been employed
to evaluate the mechanical properties of thin films.?>?* Nonetheless, these methods are often limited to
measuring parameters such as the elastic modulus, hardness, and fracture toughness at very specific location,
and directly determining the fracture strength of an area with a certain degree of spread can pose challenges.

In this study, the Ring-on-Ring test was selected to apply biaxial tensile stress to thin films while
minimizing the stress concentration at the edge of the specimen. However, when working with thin films with
a thickness of several tens of micrometers, accurately measuring their strength solely through the Ring-on-Ring
test becomes challenging owing to the significant local deflection that takes places at their loading point.
Therefore, the aim of this study is to establish a method for evaluating the strength of thin SiC coatings using a
Ring-on-Ring test by incorporating a graphite substrate as a stress transmission intermediary between the load
ring and the coating. In this study, the results obtained from coatings of varying thicknesses were compared to
validate the obtained strength values. In addition, the results were compared with those reported in previous

studies involving similar materials.

2. Experimental procedure
The SiC coating was synthesized using a cold-wall-type Chemical Vapor Deposition (CVD) system

equipped with a high-output fiber laser (wavelength: 1080 nm, maximum output: 500 W). Graphite disks (IGS-



743, 10%1.0"' mm, Shin Nippon Techno Carbon, Japan) were utilized as substrates for the deposition process.
The CVD-SiC precursor employed was hydridopolycarbosilane (CVD-4000, Starfire Systems Inc., U.S.),
which was evaporated at a temperature of 60 °C and introduced into the chamber with an Ar carrier gas at a
flow rate of 100 sccm. Throughout the CVD process, the surface temperature of the substrate was monitored
continuously using an infrared thermometer. The temperature of the gas-outlet nozzle was maintained at a
constant value of 250 °C by a heater wound around the nozzle, while the substrate temperature was controlled
at 1050 °C by adjusting the laser output. The chamber pressure ranged from 200 to 400 Pa during the deposition
step. The deposition time was varied between 3 and 20 min, depending on the desired coating thickness.
Subsequently, the laser output was decreased to lower the substrate temperature to approximately 500 °C,
followed by air-cooling the substrate to room temperature. The residual stress within the SiC coating was
determined from the curvature of a selected specimen using Stoney's equation®. It should be noted that the
curvature measurement was performed on the surface of a strip specimen cut to dimensions of 1 mm x 1 mm x
10 mm, since the curvature of the as-coated disc specimens was below the detection limit. The Young's modulus
of the SiC coating was determined through nanoindentation testing (G200, Agilent Technologies, U.S.)
performed at room temperature.

In this study, the load and support rings, as shown in Figures 1a and b, were used in accordance with the
ASTM C1499 standard.?® The diameters of the load ring and the support ring were 4.5 mm and 9 mm,
respectively, with both rings having a curvature radius of 0.4 mm. The fixtures were made of SUS304 and the
contact ball was made of silicon nitride. The strength tests were conducted at room temperature using a
conventional testing machine (model 210X, INTESCO Co., Ltd., Japan), at a testing speed of 0.05 mm/min.
The coating surface was placed facing downwards to apply equi-biaxial tensile stress, as shown in Figure 1b.
Figure 1c shows the stress distributions estimated using the Finite Element Method (FEM) for a SiC coating
with a thickness of 10 pm coated on a graphite substrate, where the specimen was subjected to an 80 N load by
the Ring-on-Ring test. Figure 1d shows the results of the cross-section FEM analysis of said thin-film under the
conditions shown in Figure 1c. An Autodesk Inventor Nastran was used for the FEM analysis, and the modulus

of each material was determined using the values measured with the nanoindenter described above. The
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FIGURE 1 Overview of the Ring-on-Ring testing; (a) test fixtures, (b) specimen during loading, (c, d)

FEM results of the loading stress distribution in the SiC coating.

Poisson's ratios for the SiC, graphite, and SUS304 fixtures were set to 0.21, 0.2, and 0.3, respectively. Second-
order tetrahedral elements were employed as the element type, and separate contact conditions were used to
model the interactions between the components. As the optimization of the graphite thickness was the primary
focus of the FEM analysis, the residual stresses within the film were not considered. The analysis confirmed
that there was no stress concentration directly under the load ring under any of the conditions tested in this study.

The equi-biaxial stress for a bilayer material during the Ring-on-Ring test was analytically derived
by Huseh et al., as shown in equation (1).%’
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, where P is the applied load, E; and v; are the Young's modulus and Poisson's ratio of the SiC coating,
respectively, a and b are the diameters of the load and support rings, respectively, and z is the height,
measured from the bottom surface of the specimen. z, and D* represent the neutral-plane position and bending
rigidity of the two-layer disk, respectively, and are expressed by equation (2) and (3), respectively. v is the
average Poisson's ratio given by equation (4).
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, where E, and v, represent the Young's modulus and Poisson's ratio of the graphite substrate, respectively,
and t; and t, represent the thicknesses of the SiC coating and graphite substrate, respectively.

Continuous in-situ imaging of the coating fracture during the test was recorded at a frame rate of 30 fps.
through a hole (p6 mm) in the support ring (Figure 1a) using a digital microscope (RH-8800, Hirox Co., Ltd.,
Japan). The instant of crack initiation was identified through digital image correlation (DIC) analysis using the

GOM Correlate software (Carl Zeiss GOM Metrology GmbH, Germany).

3. Results and discussion

The X-ray diffraction (XRD) results of the SiC coating on the graphite substrate are presented in Figure
2. In addition to the peaks originating from the graphite substrate, a broad peak at 20 = 36° corresponding to
the (111) reflection plane of CVD-SiC was observed, indicating the presence of an amorphous or low-
crystallinity SiC film. To quantify the residual stress, the curvatures of the as-coated disk-shaped samples that
remained below the detection limit of the laser microscope were evaluated. However, upon slicing the center
into approximately 1 mm wide strips, with the aim of emphasizing the radial stress, an extremely subtle

curvature was observed. As an example, the residual stress for a specimen coated with a 5.1 pm SiC film was



estimated to be 153 + 15 MPa. Although, in the case of specimens with thicker coatings, the curvature remained
undetectable even after the stripping process, these specimens could contain some residual stress because the
strain mismatch between the coating and the substrate was the primary source of such residual stress. Assuming
that this stress is uniformly distributed throughout the thickness of the as-coated films, it can be inferred that
the residual stress exhibits an inverse relationship with the film thickness. Consequently, in the subsequent
results, the fracture stress was corrected by incorporating the corresponding film thickness for each specimen

based on the measured residual stress indicated above.
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FIGURE 2 XRD pattern of as received SiC coating chemically deposited on the graphite substrate.



Figures 3a—c show the optical microscope images of the fractured specimens taken from the coating side
and the SEM images of the specimen cross-section surrounding the crack origin determined by DIC. Based on
the optical microscope images, it was observed that cracks propagated in a somewhat radial manner from the
crack origin. The crack origin was consistently found within the loading area for all specimens. These
observations suggest an absence of stress concentration directly beneath the loading point, indicating that the

specimens were subjected to a uniform and equi-biaxial tensile stress. No delamination between the coating and
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FIGURE 3 Typical OM images of the coated faces after testing and SEM images of the fractured surface;

film thickness of (a) 9.5 um, (b) 21.9 um, (c) 35.6 pm.



the substrate was observed at the fractured cross-sections of all specimens. Moreover, the coatings exhibited no
detectable pores at the magnification level utilized, indicating the successful fabrication of a dense SiC coating
on the graphite substrate. The SEM images did not provide clear indications of the crack origin in any of the
specimens. However, two distinct types of fracture morphologies were observed on the surfaces: fracture along
the grain boundaries and smooth surfaces likely indicating intragranular fracture.

Figure 4 shows typical DIC images indicating the color map of the maximum principal strains on the
coated surface. These images show a 6 mm diameter region at the center of the specimen, which is
approximately within the diameter of the load ring. Notably, these DIC images correspond to the same specimen,
as shown in Figure 3a. The strain gradually accumulated in an island-like pattern, as observed in the images
captured at 89 (Figure 4B) and 116 sec. (Figure 4C) of testing time. With time, a localized strain concentration
gradually formed at a specific point, as indicated by the arrow in Figure 4C. In most cases, this particular point

was found to be the site of initiation of the first crack. It is worth noting that in less common cases where

FIGURE 4 DIC images showing the maximum principal strain of the coated face during the test.



multiple stress concentration points occurred simultaneously, the stress was concentrated at any one of these
points before cracking occurred, whereas the stress concentration at the other points could dissipate. As the
crack propagated, it branched off and extended toward the outer edge of the specimen (Figure 4D).

To determine the time at which the crack started to form, the distance between two points perpendicular
to it was continuously measured on continuous DIC images, starting at t=0 sec., as shown in Figure 5 (blue
line). The average maximum principal strain within the loading area is plotted against testing time in Figure 5
(green line), it presents the results of the identical specimens shown in Figures 3a and 4. The symbols A to D
on the blue line in Figure 5 correspond to the times shown in Figures 4A— and D, respectively. As the testing
time increases, the distance between the two points increases linearly. However, when the testing time reaches
116 sec. (Figure 5C), said distance shows a dramatic increase that deviates from the expected linear increase.
This suggests the formation of a crack in the coating at that time, which is defined as the crack initiation time

in this study. However, the average maximum principal strain continued to increase linearly after the crack
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FIGURE 5 The distance between L-R and the average maximum principal strain within the loading area

analyzed by DIC. Inset images indicate the positions of the two points perpendicular to the crack.



initiation. Finally, the graphite substrate fractured after 127 sec. (Figure 5D), which led to a rapid increase in
the average strain. Because the SiC coating was applied to the graphite substrate, even if cracks occurred in the
SiC coating, the film specimen was not immediately separated until the substrate fractured. Therefore, when
the crack opening rate became nonconstant, the strength of the coating was calculated using the load applied at
116 sec. and equation (1).

The results of the equi-biaxial strength of the SiC coating, calculated using equation (1) and corrected by
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the results of the residual stress measurements, are shown in Figure 6a. The strength and residual stress of each
specimen are summarized in Table 1. The Young's moduli of the SiC coating and graphite substrate were
measured as 268 GPa and 10.8 GPa, respectively, using a nanoindenter. The Poisson's ratio values were found
to be 0.20 for the SiC coating and 0.21 for the graphite substrate. The equi-biaxial strength of the SiC coating
decreased with increasing the film thickness, and this decrease seems to be constant beyond the 22 um thickness.
In ceramic materials, the specimen size significantly affects strength; a similar phenomenon was observed in
this study, in which the fracture strength of the SiC coating decreased with increasing specimen volume. This
can be attributed to the higher probability of defects as the specimen volume increases, which act as initiation
points for fracture, ultimately leading to a reduction in fracture strength. Moreover, the results suggested that
the strength of the coatings was influenced more by the specimen volume rather than by surface conditions.
This implies that the coatings fractured under tensile rather than bending stresses.

The equi-biaxial tensile strength of the SiC coatings obtained in this study was compared with the uniaxial
tensile strength of 3C-SiC micro-samples previously reported in the available literature'®. Figure 6b illustrates
the relationship between the strength, specimen gauge volume, and thin-film volume inside the load ring on a
logarithmic scale. According to the Weibull statistical theory, the fracture strength of ceramic materials follows
a simple power law with respect to specimen size; the results of this study confirm that strength decreases

according to this power law. Within the volume range of small specimens (~0.1 mm?), the values obtained in

TABLE 1 Coating thickness, residual stress, and strength values of the specimens.

Film thickness Residual stress Fracture strength Film thickness Residual stress Fracture strength

(pm) (MPa) (MPa) () (MPa) (MPa)
3 265 1104 11 714 5350
3.1 2522 1022 11 714 569
3.2 248.9 1014 13.2 59.3 448
3.4 2326 999 16 49.1 308
3.5 2274 902 16 49.1 483
47 166.1 833 19 413 324
7.8 101.3 583 20 39.2 411
8.9 88.1 531 219 35.9 232
9.5 82.6 558 29.3 26.8 251
10 78.5 603 34.5 228 209
104 754 525 35.6 2 226

10.8 729 476




this study were comparable to the previously reported values. This was likely due to the small size of the
specimens, which resulted in a limited number of defects available as potential fracture initiation points.
Although the total number of specimens tested in this study was smaller than those in the previous study, the
obtained strengths covered a wider range of specimen volumes, and the deviation from the power-law line was
smaller, as shown in Figure 6b. The smaller variability in the obtained strength, compared to the previous study,
suggests a fewer number of potential fracture initiation points, on account of the lower defect density in the SiC
coatings fabricated in this study. In addition, the lower variability in the obtained strength is attributed to the
elimination of edge effects. The fracture of brittle materials is largely influenced by stress concentration at the
edge defects, leading to different strength values for the same specimen owing to variations in edge conditions.?
In contrast, biaxial tests, such as Ring-on-Ring tests minimize the stress at the edges of disk specimen.
Furthermore, we suggest that the variability in the obtained strength values was lower than the previous study
on account of the strength assessment in the biaxial tests being less dependent on the orientation of the cracks
than the corresponding assessment in uniaxial tests. Note that the difference in strength between both studies
around a specimen volume of 0.1 mm? could be attributed to the potential underestimation of strength values in
the previous study. Indeed, the previous study estimated residual tensile stress at approximately 200 MPa due
to the limitation of preparation methods for specimens with volumes of approximately 0.06 mm? or more;
residual stress effects on the results were not considered. In addition, the strength of the amorphous SiC coatings
approached 220 MPa (Figure 6a). Considering that the tensile strength of crystalline CVD-SiC is 294 MPa*’
and that amorphous SiC generally has a lower strength than crystalline SiC,?! it can be concluded that the
strength of specimens with a film thickness of over 30 um can be considered as the bulk material strength rather

than the thin-film strength in the testing configuration used here.

4. Conclusions

In this study, a new method was developed to evaluate the strength of thin SiC coatings under biaxial
tensile stress using a Ring-on-Ring test. A graphite substrate was used as an intermediary to transmit the stress
from the load ring to the coating. Crack initiation time and the corresponding load were identified by

continuously measuring the crack opening in the SiC coating using DIC analysis. The obtained equi-biaxial



tensile strengths of the SiC coatings were dependent on film thickness, in accordance with the well-known

specimen-size effect. The relationship between the fracture strength and specimen size obtained in this study is

valid since it follows the typical power law of the size effect in ceramics. Moreover, the lower variability in the

strength obtained in this study compared with previous studies is believed to be mainly due to the use of a

biaxial test. The results are comparable to the SiC coating strengths previously reported for small specimen

volumes and the strength of the thicker specimens approached the bulk strength. Based on the obtained results,

it can be concluded that this method allows the evaluation of equi-biaxial strengths in thin films across a broad

range of sample sizes.
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Figure Captions

FIGURE 1

Overview of the Ring-on-Ring testing; (a) test fixtures, (b) specimen during loading, (c, d) FEM results of the
loading stress distribution in the SiC coating.

FIGURE 2

XRD pattern of as received SiC coating chemically deposited on the graphite substrate.

FIGURE 3

Typical OM images of the coated faces after testing and SEM images of the fractured surface; film thickness of
(a) 9.5 um, (b) 21.9 pm, (c¢) 35.6 um.

FIGURE 4

DIC images showing the maximum principal strain of the coated face during the test.

FIGURE 5

The distance between L-R and the average maximum principal strain within the loading area analyzed by DIC.
Inset images indicate the positions of the two points perpendicular to the crack.

FIGURE 6

Equi-biaxial strength of SiC coatings; (a) dependence on film thickness, (b) dependence on gauge volume.

TABLE 1

Coating thickness, residual stress, and strength values of the specimens.



