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Abstract

Swelling of SiC at 300°C due to in-service neutron irradiation causes tensile
residual stresses in coatings which are expected to adversely affect the perfor-
mance of coated SiC composite fuel cladding for light water reactors. Matching
the coating swelling with the substrate, a solution common for thermal expan-
sion, is not practical in the case of neutron irradiation. Biasing samples during
magnetron sputtering deposition induces compressive residual stress which may
counteract this. In this study, chromium coatings were deposited on SiC by
DC magnetron sputtering with no external heating at bias voltages of -50V,
-75V, and -100V. The effects of the bias voltage on morphology, residual stress,
microstrain, texture, and adhesion are shown. The low deposition temperature
resulted in the coating microstructure evolution following an energetic parti-
cle bombardment dominated trend. At the two lower bias voltages knock-on
implantation dominated increasing the residual stress and microstrain while at
the highest bias voltage, thermal spike migration allowed for defect relaxation.
When the knock-on induced compressive residual stress exceeded 0.8 GPa mi-
crocrack formation in the SiC substrate decreased coating adhesion. While no
microcracks formed at the lowest bias voltage, insufficient atomic mobility dur-
ing coating growth lead to voids forming in the coating. A balance is needed to
form void-free coatings that have high compressive residual stress.
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1. Introduction

Silicon carbide ceramic matrix composites (SiC/SiC) are a possible replace-
ment for traditional zirconium-based fuel rods and core structures in light water
reactors [I]. SiC/SiC has better long term radiation stability as well as im-
proved high-temperature capabilities. In the process of developing these com-
posites, hydrothermal corrosion and a loss of hermeticity due to complex neutron
irradiation-heat flux-composite structure interactions arose as potential issues
[Z, B]. A dual-purpose coating to provide a corrosion barrier and an outer
seal is one solution that has garnered interest and attention. Previous research
identified Cr as a strong candidate for the coating material due to its corrosion
resistance and the possibility for crack mitigation [4} [5] [6] (7, 8, €L [T0]. Chromium
is also one of the lead candidate materials for coatings on zirconium-based al-
loys for nuclear fuel cladding with significant research published on the topic
[1} [IT), 12} T3], 14]. This work can be leveraged to understand the parameters to
make a dense coating that performs well during corrosion, as both SiC and Cr
have the same requirements.

The nuclear reactor environment brings a design space that is significantly
different than what previous protective coatings on SiC have been designed
for. The coatings thickness and material are limited by neutronics, but it will
be exposed to a hydrothermal corrosive environment where a thicker coating
would be beneficial. Mechanical stresses will form at the interface from the
neutron irradiation swelling of the SiC substrate [I5] while radiation-induced
mechanical degradation of the coating material itself is anticipated. Therefore,
a deeper understanding of the possible properties of Cr coatings and interfacial
adherence is necessary so that they can be tailored to the needs of a nuclear
reactor environment. Physical vapor deposition (PVD) offers a wide array of
coating growth methods which can result in dense, high purity coatings. The
mechanical and morphological properties of the coatings are highly dependent on
the method and deposition parameters, which can be changed to suit the specific
application need. Magnetron sputtering is a useful deposition technique gaining
a more fundamental understanding of how some of the deposition parameters
affect coating performance.

When depositing coatings with magnetron sputtering, increasing the sam-
ple bias serves to accelerate the charged ion species in the plasma towards the
sample, increasing their kinetic energy. This has a strong effect on the coating
growth, particularly on the residual stress [I6], with an initial increase in resid-
ual stress at lower energies before an inflection point with decrease at higher
energies. The inflection point is due to a competition between knock-on based
damage from bombardment and annealing due to energy deposition. Control-
ling stress is of interest as a way to offset the neutron irradiation swelling of
the substrate. While it is unknown how much compressive stress can be accom-
modated before adhesion is affected, initial tests showed that coatings with a
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higher initial compressive residual stress were less likely to crack during irradia-
tion [TI0]. The increased ion energy also benefits coating density due to knock-on
effects implanting surface atoms deeper into the coating [I7].

There is a substantial body of research on the growth of PVD chromium
coatings, with a strong emphasis on the texture. The texture of the coating
normal to the surface, whether (110) or (200) planes are preferred can provide
insight into the growth conditions of Cr coatings. Understanding the conditions
that cause texture changes can help translate the results found here to other
PVD methods such as HIPIMS or ion-assisted PVD. Substrate temperature, ion
velocity, deposition rate, and impurities all affect the growth conditions of coat-
ings. It appears that the substrate does not have an effect on the texture [18].
There has been significant work in understanding how the different deposition
parameters influence the texture of Cr coatings, although with some disagree-
ment. There is a consensus that increasing the substrate temperature promotes
the growth of a [200] texture [19, 20, 211 (18], however, Gautier [20] proposed
that it was due to impurities rather than a minimizing of surface energy or an
increase in mobility. When a bias voltage was introduced at these elevated tem-
peratures the preference changed to a [110] direction. Gautier concluded that
increasing the bias voltage sputtered impurities away allowing for [110] texture
growth [20]. Feng’s [19] explanation was that the increased bombardment at
higher bias voltages allowed for the nucleation of [110] direction texture.

The objective of this work is to determine the effects of increased ion energy,
as a result of sample bias, on the adhesion of Cr coatings on  chemical va-
por deposited (CVD) SiC. Increasing sample bias can lead to an increase in the
compressive residual stress; however, the upper limit where coatings will remain
adherent is not known. Starting with a significant compressive residual stress
is of interest as a route to compensate for the radiation induced swelling of the
SiC early in the reactor life which imparts a tensile stress in the coating. Cr
coatings have a lower threshold for spalling when stresses are tensile [4]. Match-
ing of swelling, as is practiced with thermal expansion with high temperature
coating, is not as feasible with neutron irradiation based swelling due to lim-
itations in elements and fundamentally how radiation induced swelling occurs
in materials. Analysis and discussion focus on understanding the changes in
the microstructure and the link between the measured residual stresses, coating
microstructure, and damage to the SiC to the adhesion of the coating. Due to
an unexpected change in the texture, the specifics of the deposition conditions
will be addressed in relation to preferred orientation. This serves to inform how
sample biasing can be used when designing Cr coatings for use in nuclear reactor
environments.

2. Experimental Methods

2.1. Materials

DC magnetron sputter coatings were deposited on flat high resistivity CVD
-SiC coupons obtained from Rohm and Haas (now Dow Chemical Co.). Sample
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coupons were machined to 10 x 20 x1 mm with a 2.1 mm hole drilled near the
top of the coupon to allow it to be suspended. The sample surface was left in the
as-machined state with the typical surface features shown in Fig. [3] Preliminary
work found that highly polished surfaces decreased adhesion, and the grinding
process used for machining results in peak-to-valley features less than 2 m. This
finish is closer to what would be easily achievable for SiC rods. Sample surfaces
were observed to be uniform due to the machining process. Coatings were
deposited at Manchester Metropolitan University in a DC magnetron sputter
coating system. The system consisted of two 300mm by 100mm top-mounted
rectangular magnetron deposition heads with Cr targets (bonded to a copper
backing plate) of 99.5% purity. Samples rested on a rotating sample holder
10cm below that was biased. Prior to deposition, the chamber was pumped
down to a base pressure less than 1 x 1072 Pa. When the base pressure had
been reached, inert argon gas was introduced into the system. Three different
sample sets were fabricated with samples biased at -50, -75, and -100V with
a deposition time of 4 hours each. Coatings were deposited on one side of
the coupons, then the coupons were flipped over, and a coating was deposited
on the other side. The stage was not heated so any substrate heating came
from the energetic atoms. Substrate temperatures were not actively monitored,
however, Cr coatings deposited by pulsed DC onto unheated substrates in a
similar configuration at a much higher deposition rate measured a substrate
temperature of 100°C [22]. It is expected that increasing the substrate bias
will cause a small increase in temperature. Samples were marked to delineate
sides.

2.2. Characterization Techniques
Coupled 2 - XRD spectra of the as-deposited coatings were taken using
a Bruker D2Phaser diffractometer with a CuK (= 1:5406A) source and a
LynxEye detector to measure texture. Peak width analysis was performed using
the Williamson-Hall (W-H) method [23]. A NIST 640D[24] powder reference
was run with a 0.04° step size and a 328s dwell time per step and fit to obtain
the instrumental broadening ; using a pseudo-Voigt peak shape. This was
subtracted from the measured broadening m of the coatings to obtain their
broadening  with the following equation,
=2 ¢ 1)

Cc m 1

The coatings’ peak broadening was then plotted with the following equation
to obtain the crystallite microstrain and crystallite size D,

hk1COS( ) = kB + 4 tan (2)

where is the x-ray wavelength and k is a shape factor taken to be 0.9.
When a line is fit, the crystallite size can be extracted from the intercept and
the microstrain can be extracted from the slope.
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sin?( ) residual stress measurements of the coatings were made on a Scintag
PTS goniometer with a CuK (= 1:5406A) source, a liquid nitrogen cooled
Ge detector, and a radial divergence limiting parallel plate collimator. The
(310) reflection was used to measure the stress induced Cr peak shift when the
sample was tilted from =-55°-55°. These scans were performed at = 0° and
90° to confirm stress uniformity. DIFFRAC.SUITE EVA was used to strip the
Cu K 5 peaks before fitting in Origin using a Voigt model. Equation [3| was
used to calculate the in-plane coating stress, with the 0° angle peak location

serving as the do [25].
E 1 @d
T 14 do (@sin2 ) 3)

To examine larger defects in the coatings cross-sectional scanning electron
microscopy (SEM) imaging was performed with a Tescan MIRA3 GMH field
emission gun-SEM. Cross-sections were fabricated using a low-speed diamond
saw to section the coupons, mounting the cut face in epoxy, and mechanically
polishing to 0.5um. SEM images were taken in both secondary electron (SE)
and back-scatter electron (BSE) modes with a thin carbon coating applied to
limit charge buildup.

Transmission Electron Microscopy (TEM) was performed on a JEOL 2100F
TEM equipped with a 200 keV Schottky field emission gun to investigate the
grain structure and defects of Cr coating. This TEM can operate in scanning
mode with the bright-field and high angle annular dark-field (HAADF) imag-
ing capability. TEM samples were prepared using the Focused Ion beam (FEI
Quanta 3D 200i and FEI Versa 3D). Standard TEM sample procedure was fol-
lowed with an initial electron beam deposited layer of Pt to protect the material
surface and a final cleaning using 2kV Ga ions to limit damage accumulation.

Pull-off adhesion tests were performed using a DFD instruments PAThandyTM
1kN microadhesion tester and 2.8mm stubs. Testing stubs were mechanically
abraded with 320 grit SiC paper to increase surface area and then both stubs
and coupons were cleaned with methanol. A single part high strength epoxy
(E1100S) was used to bond the stubs to the coatings. Samples were attached to
alumina backing disks using the same epoxy to prevent sample fracture during
testing. The epoxy was cured at 150°C for 3-4 hours before testing. Tests on
as-received coupons showed an epoxy adhesion failure at 85-100 MPa.

3. Results

3.1. Microscopy

STEM bright-field images of the coating cross-sections in Fig. [1| found that
the coatings were close to 5 m thick with exact measurements of -50V = 5.6 m,
-75V =5.1 m, and -100V = 4.6 m. A typical columnar structure was observed,
with much smaller grains at the interface where nucleation occurred, transition-
ing to a more uniform grain structure. Grain sizes were sampled in the top
two-thirds of the coating by directly measuring the lengths and widths of all the
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grains in the b lift-out (on average 30 grains were measured). Both bright- eld
(shown) and high-angle annular dark- eld (HAADF) image modes were com-
pared to increase the con dence in determining grain boundaries. Measuring
both the length and width was done due to the large aspect ratio. Neighboring
grains with low angle grain boundaries may be considered as one grain due to
the potentially low/no contrast on the grain boundaries. The results of these
measurements were put into violin plots and are shown in Fig[ P with a slight
increase in the grain widths and lengths at the -100V bias voltage. The con-
tours in the plots show the distribution of the lengths and widths. All of the
samples shared the same range of grain sizes, but the -100V sample had a higher
frequency of larger grains.

Figure 1: STEM bright- eld images of cross sections of Cr coatings on SiC deposited with
-50V, -75V, and -100V sample biases.

Not highlighted in the STEM images are the larger coating defects that were
present in the -50 and -75V samples. Typical examples of a coating traversing
defect and defect density are shown in Fig.[]3A and C. Figurg |3 B highlights
the origin: undulations in the substrate caused columnar grains to nucleate at
angles which eventually collided but do not merge. At the lower bias voltage
these growth di erences could not be overcome, resulting in a continuous crack
or void from the substrate to the surface. In the -100V sample the continuous
growth of the defects was limited, terminating near the SiC substrate. This is
consistent with an increase in the energy of impinging ions [17, 26]



Figure 2: Violin plots showing grain size distributions for the grains taken from the columnar
region starting 1um above the interface to the top of the coating. Measurements taken from
STEM bright- eld and HAADF (not shown) images. Width is parallel to Cr/SiC interface
and length is perpendicular. Contours show the relative probability of each grain size.

Figure 3: Defects observed in coating cross sections. A) SEM BSE of columnar growth
induced defect in -50V sample. B) STEM bright- eld of columnar growth defect localized to
Cr/SiC interface in -100V sample. C) Representative density of columnar growth defect in
-75V sample.
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3.2. X-ray analysis

2 - diraction spectrums (Fig. 4) of the coatings show two major di erences
between the three bias voltages: a change in the preferred orientation and a
change in the full width half maximum (FWHM) of the peaks. By increasing
the bias voltage, a shift in the preferred orientation of the grains occurred from
[110] to [200]. The FWHM, particularly the (200) and (310) peaks increase
from -50V to -75V, and then decrease at -100V. This peak parameter is tied
to crystallite size and crystallite microstrain, with a decrease in the size or an
increase in microstrain increasing the peak width. Fitting the peak widths with
the W-H method results in microstrains listed in Table 1 with the tted data
points shown in Fig. 5 A. Only microstrain values are listed as the intercepts
were too close to zero or negative. This was primarily because most of the peak
broadening was due to intrinsic microstrain making size e ects smaller than the
error. This was further validated when the -50V sample with whole pattern
Reitveld re nement using GSAS Il found a large crystallite size as well as a
large microstrain. Since the intercept in W-H analysis trends towards zero the
larger the grain size is and since some of the intercepts t to be negative (which
is non-physical), the intercept was set to zero and only the slopes were allowed
to vary. The di erences in the ts when the intercept is xed and un xed are
shown in Fig. 5 A.

Figure 4: XRD spectrum of as-deposited Cr coatings with small peaks from the underlying
SiC. Unlabelled peaks belong to SiC. A transition to the (200) plane can be seen at -100V,
along with a decrease in the FWHM.

The results of the residual stress measurements are shown in Table 1 with the
ts shown in Fig. 5 B, C, and D. No substantial splitting of the plus and minus
directions was observed, both the 0 and 90sample orientations gave similar
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stresses, however some deviation from non-linearity evolved with increasing bias
voltage. This was particularly apparent in the -100V sample. This non-linearity
is attributed to a gradient in the residual stress. As s tilted, the x-ray path
length and penetration depth change. Therefore, the higher angles are more
representative of the surface. Since the residual stresses in relation to the pull-
o adhesion strength are of interest, only the lower three data points were tin
the -100V sample. The calculated residual stress of the coating would be lower
if the last data point was included as well.

Table 1: Residual stress calculated using sin2( ) method and intrinsic crystallite microstrain
calculated with the Williamson-Hall method. E = 290GPa = 0.2. Negative residual stress
values indicate a compressive stress. Williamson-Hall t with intercept xed to 0.

. W-H microstrain  Residual Stress
Sample Bias

( *10-3) (GPa)
50V 47 03 -0.83 0.06
-75V 5.6 0.1 -1.28 0.19
-100V 3.2 0.2 -0.87 0.12

Figure 5:  A) ts from Williamson-Hall crystallite size and microstrain analysis. Intercepts
were locked at 0 to prevent negative values do to the large intrinsic microstrain values and
apparent large crystallite size. B),C),D) ts from sin2( ) residual stress analysis on -50V,
-75V, and -100V samples. Deviation from linear indicates a stress gradient.

3.3. Adhesion testing

Pull-o adhesion tests were performed up to three times per sample on mul-
tiple samples. The results can be categorized into total delamination, partial
delamination, and epoxy failure. The results in Fig. 6 show that the -50V
sample never had a coating failure up to 95MPa, the -75V sample was able
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to withstand up to the same pressures, but did have a mix of complete and
partial delaminations. It should be noted that all the complete delaminations
came from the same sample. It was observed that some of the -75V samples
showed small amounts of blistering and delamination on several of the coupons
that were fabricated. These were not seen in the other bias voltages. Finally,
the -100V sample had some partial delamination, but overall was more adherent
than the -75V sample.

Looking at both the SiC substrate where Cr was removed, and the bottom
of the Cr coating that was bonded to the SiC in Fig. 7 it can be seen that
varying amounts of SiC and Cr remained bonded to each other. Therefore, the
failure at the interface was both adhesive between the Cr and SiC, but also
cohesive in the SiC and Cr near the interface. ImageJ [27] was used to calculate
the % area of SiC and Cr that cohesively failed and remained bonded to the Cr
and SiC respectively. This analysis was done on a -75V sample with complete
delamination, and -75V and -100V samples with partial delamination. Results
listed in Table 2 show that while the partial delamination samples had similar
amounts of SiC still bonded to the Cr, the sample with complete delamination
had a signi cantly larger fraction of SiC removed. Additionally, the -100V
sample had slightly more Cr remaining adherent to the SiC than the -75V
samples.

Figure 6: Results of pull-o adhesion testing of the -50V, -75V, and -100V sample biased
coatings. The high residual stress in the -75V sample led to early failure in several samples.

10
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Figure 7: SEM back-scatter images of the coupon and stub post pull-o adhesion testing. SiC
appears dark while Cr appears light. Coupon images show the region where the Cr coating
was removed, and stub images show the underside of the Cr coating that was pulled away.

Table 2: Fractions of Cr that remained bonded to SiC, and fractions of SiC that remained
bonded to the underside of the Cr coating after pull-o adhesion test.

Sample Condition % area SiC % area Cr Pull-o stress
bonded to Cr bonded to SiC (MPa)
-75V Complete Delamination 49 3 0.8 0.1 44
-75V Partial Delamination 23 1 0.7 0.1 80
-100V Partial Delamination 29 1 2.6 0.1 94.4

Focusing on the SiC near the Cr/SiC interface in the STEM microscopy
(Fig. 8) explains some of the pull-o adhesion test results. Microcracking was
observed in the SiC particularly in the -75V and -100V samples. This sampling
is limited in area but does point to an additional phenomenon that is important
to coating adhesion: coating stress damage to the SiC.

11
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