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ABSTRACT

SiC-based materials are currently being considered for accident tolerant fuel (ATF) cladding, however,
there are concerns regarding hydrothermal corrosion rates and hermeticity. These issues may be
addressed with the utilization of a Cr corrosion barrier coating (CBC) but the interaction of Cr with SiC
under loss of coolant accident (LOCA) conditions needs to be investigated. In the present work, Cr coatings
were deposited onto chemically vapor deposited (CVD) SiC with either high power impulse magnetron
sputtering (HiPIMS), cathodic arc (CA), or a combination of both. Annealing and steam thermogravimetric
analysis (TGA) was used to study reaction product formation with and without oxidation. After 1200°C
annealing, formation of a Cr,C, carbide layer at the ambient interface and a Cr,Si,C, silicide layer at the SiC
interface was observed. After 1200°C TGA exposure, similar carbide and silicide layers were observed but
with a Cr,0; outer reaction layer and a Si and O rich interfacial layer forming between the carbide and
silicide layers. Initial mass gain of the coatings during the 1200°C TGA exposure was parabolic and were
similar to reported rates of chromia formation. Mass gain behavior and observed transitions in chromia
microstructure indicate that metallic Cr may be consumed within the first ~1 h at 1200°C and that
subsequent chromia formation occurs at the expense of the underlying Cr carbide layer. Overall, the
results show no detrimental impact of Cr coatings on the steam oxidation resistance of SiC up to 4 h at
1200°C.

INTRODUCTION

Traditional Zr-based alloys have attractive properties for fuel cladding operation, but are extremely
susceptible to high temperature steam oxidation during loss-of-coolant accidents (LOCA) in nuclear light
water reactors (LWRs) [1]. Such an accident is marked by increasing core temperatures as H,0 flashes to
steam [2], which can lead to cladding ballooning, loss of coolable geometry [3], cladding rupture, and
potential fuel expulsion. Due to exceptional steam oxidation resistance [4,5] and high temperature
strength [6,7], SiC,./SiC; ceramic matrix composites (CMCs) are being investigated as potential LWR
accident tolerant fuel (ATF) cladding [8,9] and other core components [10].

A significant barrier to utilization of SiC/SiC CMCs as ATF cladding [8] is the feasibility of fully hermetic
SiC/SiC CMCs [11-13]. Chromium coatings are a promising ATF concept [14] and can act as a corrosion
barrier coating (CBC) to mitigate SiC corrosion rates [15] and act as a hermetic seal, preventing outward
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loss of fission gas and H,0 ingress. However, there is a concern that Cr may disrupt the otherwise
protective oxide formed on SiC during steam oxidation, as chromia formation is more rapid in steam than
silica [8], and may negate the oxidation improvement of SiC/SiC ATF cladding. Furthermore, coating-
substrate reaction products with un-desirable high temperature responses may form in the Cr-SiC system.
Therefore, under LOCA conditions, reaction product formation and oxidation kinetics needs to be
investigated.

In the present study, Cr coatings were deposited onto chemically vapor deposited (CVD) silicon carbide to
simplify the study compared to coating a CMC substrate [16]. Most SiC/SiC CMCs have an outer dense
CVD SiC seal coat such that the coating will be in contact with CVD SiC. Thermogravimetric analysis (TGA)
was used to study steam oxidation from room temperature up to 1200°C and vacuum annealing was used
to study reaction products in the absence of oxidation. As actual cladding temperatures are anticipated
to increase beyond 1200°C during a beyond design basis accident, the present investigation is a
preliminary study of the interaction of Cr and SiCin high temperature steam environments. While multiple
reaction products were observed to form, no significant detrimental impact on the steam oxidation
resistance of the Cr/SiC system was observed.

EXPERIMENTAL

Chromium coatings were deposited on CVD polycrystalline 8-SiC (Rohm and Haas) on all sides (10 mm x
20 mm x 2mm) using either high power impulse magnetron sputtering (HiPIMS) to form a nominally 5 um
thick coating (5HiPIMS), cathodic arc (CA) to deposit a nominally 10 um thick coating (10CA), or the
combination of both (5HiPIMS+10CA) with the 5HiPIMS deposited first for a nominally 15 um thick
coating. HiPIMS and CA are being currently being utilized as both processes bring different mechanical
properties that are of interest to normal operation use. Specimens were cleaned with acetone prior to
exposure, and specimen surface area was determined using digital Mitutoyo calipers (¥0.01mm). Un-
coated CVD SiC (10 mm x 20 mm x 2mm) were also prepared for steam exposure.

One set of coupons was vacuum annealed in a Brew furnace for 4 h at 1200°C with a pressure of ~10* Pa
(10 Torr) to study reaction product formation in the absence of oxidation, while thermogravimetric
analysis (TGA) was used to study the high temperature steam oxidation of another set of coupons. TGA
was conducted with a Rubotherm Magnetic Suspension Balance TGA. Specimens were heated to 1200°C
using the following profile: a 20°C/min ramp from room temperature to 550°C with flowing Ar followed
by a 8 min hold while steam was introduced into the chamber at ~1.5 mL/h, with a gas velocity of ~ 1
cm/s. Temperature was then ramped at 20°C/min to 1200 + 5°C, followed by a 4-h isothermal hold at 1200
+ 5°C. Once the hold was completed, steam flow was replaced with flowing argon while cooling to room
temperature.

Specimen mounts were prepared by cross sectioning via low speed saw utilizing a diamond blade,
embedding/fixturing with resin, and polishing. Back-scatter electron (BSE) scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) were performed with a Tescan Mira3 FE-SEM
operating at 20 kV. Au/Pd targets were used to sputter mounts prior to analysis. Post-exposure X-ray
diffraction spectrum were run in 26-6 geometry with a Bruker D2Phaser diffractometer with a CuKa
(A=1.5406A) source and a LynxEye detector from 10-120°. MDI Jade and the PDF-4+ ICDD database were
used for phase identification. Scale and layer thickness measurements from cross sectional images were
performed with a semi-autonomous Python and Imagel technique that allows thousands of
measurements across large expanses of interfaces, limiting the subjective nature of individual
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measurements. Reported thickness measurements were made across three 1-mm lengths of interface
such that each individual thickness value reported is representative of 3-mm of total cross sectional
length, totaling more than 3000 measurements per reported value.

RESULTS

Cross sectional BSE micrographs of as-received 5HiPIMS, 10CA, and 5HiPIMS+10CA coatings deposited
onto SiC are shown in Figure 1(a-c), respectively. The 5HiPIMS and 5HiPIMS+10CA coatings were well
adhered to the SiC substrate. In some regions, the 10CA coating was delaminated, with cracks running
normal to the interface and terminating in the coating, seen in the inset of Figure 1(b). It's unclear if the
cracks formed during deposition or sectioning. A darker grey contrast region was observed at the interface
of the 10CA coating and the SiC substrate but was still identified to be Cr. Coating thicknesses were,
respectively, 4.1 £ 0.2, 10.0 £ 0.4, and 12.9 £ 0.3 um for the 5HiPIMS, 10CA, and 5HiPMS+10CA systems.

A cross sectional BSE micrograph of a 5HiPIMS specimen after vacuum annealing for 4-h at 1200°C is
shown in Figure 2(a). Two reaction layers with well-defined interfaces were observed. EDS point
quantification of three regions from each layer are reported in Table 1. Virtually no Si was found in the
outer layer, while both Si and Cr were found in the inner layer. The presence of C was detected in both
layers however a technique more sensitive to lighter elements, like electron probe microanalysis (EPMA),
is needed to better quantify the C content. Regardless, EDS indicates a Cr,C, outer reaction layer and a
Cr,Si,C, silicide inner reaction layer. Figure 2(b), an XRD result, also indicates Cr,Si,C, formation. There
appeared to be a strong match to Cr,Si,C, (PDF# 00-009-0242) which shared many peaks with Cr;Si (PDF#
04-003-1510) along with CrSi, (PDF# 04-004-7274). However, comparing the XRD spectra to the various
Cr carbide phases available in the ICDD database, no clear match was found. The peaks in Figure 2(b) also
did not match the XRD results of Naka [17]. No metallic Cr was detected but SiC peaks were present,
indicating the entirety of the reaction layers were probed. Phase identification was complicated by the
large number of reflections, low symmetry of the carbide and silicide phases, and high chances of peak
overlap. Selective area electron diffraction may be necessary to isolate the different phases.

TGA specimen mass change for SHiPIMS (red), 10CA (purple), 5HiPIMS+10CA (orange) and CVD SiC (green)
during steam exposure from 550° to 1200°C followed by a 4 h hold is reported in Figure 3. Specimen mass
gain determined via microbalance from initial and final specimen masses are also reported as single data
points for comparison. TGA mass change for the uncoated CVD SiC specimen is not reported due to a low
signal to noise ratio during the exposure. Compared to bare SiC, the mass gain was an order of magnitude
larger for the Cr coated specimens. Up to the first ~0.5 h of exposure, mass gain between all the Cr coated
SiC specimens were similar. After the initial mass gain, slight mass losses were observed for the HiPIMS
and HiPIMS+CA specimens. The 10CA specimen exhibited the highest mass gain of the coated specimens.
After removal, the coating was found to delaminate over large expanses (~25 mm?) which may have
increased the effective surface area.

Cross section BSE micrographs of all three Cr coated SiC specimens after steam exposure are shown in
Figure 4(a-c). As can be seen, Cr coated SiC formed four distinct regions after 1200°C steam exposure:
chromia at the ambient interface, a non-continuous region of Cr,C,, a Cr,Si,C, reaction layer underneath,
and an interfacial Si and O rich layer. Layer thickness measurements are reported in Figure 5(a). The Cr,C,
layer was taken as the entire length from the end of the Cr,0; scale and the beginning of the Cr,Si,C,
reaction product. Similar Cr,0; and Cr,C, layer thicknesses were observed for all three specimens.
However, the Cr,C, measurements do not include the observed discontinuities. The chromia appeared to

W



be comprised of two different regions with a discrete transition; a denser outer oxide and a more porous
inner oxide. Thickness measurements of these regions are reported in Figure 5(b). The silicide reaction
layer thickness increased with initial coating thickness.

A BSE cross section micrograph of the 5HiPIMS+10CA specimen after 1200°C steam exposure is shown in
Figure 6(a) alongside associated EDS maps of O, Si, Cr, and C, Figure 6(b-e), respectively. As can be seen
by comparing Figure 6(a) to Figure 4(a-c), the presently shown region is generally representative of all Cr
coated specimens. At the gas interface, dense Cr,05 forms, which transitions to a more porous chromia.
XRD determined the oxide to be Cr,0;., Figure 7. Beneath the chromia scale, a non-continuous Cr,C, layer
inter-dispersed with Si and O rich regions formed, followed by a Cr,Si,C, silicide layer. A Si and O rich
interfacial layer with a thin (< 1um) underlying Cr and C rich layer was observed to form between the
carbide and silicide layers. The underlying Cr and C rich layer was relatively rich in O, indicating oxycarbide
formation or dissolved oxygen. A BSE micrograph of a similar region from the 5HiPIMS specimen is shown
in Figure 8(a), along with an EDS line scan profile with a 0.5 um resolution running from the underlying
SiC substrate and terminating in the chromia layer, Figure 8(b). The Si content decreased across the
Cr,Si,C, reaction layer with a corresponding increase in Cr content towards the outside. The Cr content
remained relatively constant across the carbide and oxide layers. Point quantification could not discern
the Si and O rich interfacial layer, likely due to the thin feature thickness, < 300 nm, compared to the EDS
interaction volume. Similar to the 1200°C vacuum annealed specimen, the Cr carbide regions here could
not be indexed in the diffraction pattern, Figure 7. Prominent SiC peaks were observed, indicating the
entirety of the reaction product layers were being probed. Again, the signal matched well with Cr,Si,C,
phases.

A cross sectional BSE micrograph of the 10CA coated specimen in a delaminated region is shown in Figure
9(a). The length of detached interface is ~¥3.1 mm and the length of the detached segment is ~3.5 mm,
which is approximately a 13% increase in length. The detached segment was 16.5 + 1.5 um in thickness
and was entirely comprised of chromia — the original thickness of the 10CA coating was ~10um. The
coefficient of thermal expansion (CTE) of Cr has been reported to be ~15E-6 K [18] and of R-SiC to be
~5.2E-6 K1 [19] at 1200°C, with a ~100% increase in volume during oxidation of Cr to Cr,0;. The observed
increased length of the detached segment is potentially due to a combination of both these factors. A
higher magnification BSE micrograph of the region where delamination began is shown Figure 9(b) and
the location of the region is indicated by a dashed white rectangle in Figure 9(a). Associated EDS elemental
maps of O, Si, Cr, and C are shown in Figure 9(c-f), respectively. Similar carbide and silicide reaction layers
can be seen forming on the regions where the coating is still adhered, and the microstructure transitions
to solely chromia further along the detached segment. A thin ~ 1 um silica scale was observed to form on
the regions where the coating detached, which is in good agreement with the oxidation rates reported by
Opila [20] and indicates that the coating detached early in the exposure. Furthermore, no underlying Cr-
Si reaction product is observed, indicating no coating-substrate interdiffusion occurred.

DISCUSSION

Carbide and silicide reaction products

Although the Cr-Si-C system is ternary, evaluation of the respective binary systems can provide insights
into the observed reaction product formations. In the binary Cr-Si system, four silicides form: Cr;Si, CrsSis,
CrSi, and CrSi,, all with melting/dissociation points well above 1200°C [21]: 1780°, 1666°, 1424°, and
1439°C, respectively [22]. In the Cr-C system, three carbides, Cr,5Cs, Cr;C; and Cr;C,, form, also with
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melting/dissociation points above 1200°C [23]: 1576°, 1766°, and 1811°C, respectively [24]. In the Cr,0;-
Si0, system, no eutectics or compounds form [25]. Therefore, the multilayered microstructure that is
presently observed to form, Figure 4, is solely the result of oxidation and interdiffusion, with no eutectic,
liquid-solid, or liquid-liquid phase interaction anticipated.

As can be seen in Figure 2, oxidation is not necessary to form the Cr,C, and Cr,Si,C, reaction layers. Kung
reported similar microstructural formations during the fabrication of chromium-carbide conversion
coatings on SiC [26]. Carbide-silicide reaction layers with well-defined interfaces were observed, with
both the carbide and silicide layers each being comprised of sublayers: EPMA revealed Cr,3C¢/Cr,C3/Cr3C,
followed by Cr;Si/CrsSisC,/SiC. The presently reported reaction layers may be similar, but the conversion
process Kung used was conducted at 1250°C over the course of 30 h under flowing argon and may be
more representative of equilibrium conditions. More experimentation specifically aimed at obtaining the
rates of carbide and silicide formation during transient and isothermal temperatures are necessary to
model the reaction process.

Oxidation
Tedmon observed Cr to oxidize,
2Cr +3/2 0, (g) = Cr,03 (1)

in a parabolic manner over the temperature range of 1000-1300°C, [27]. Cr oxidation has been found to
be independent of oxygen partial pressure [28]. Small amounts of water vapor have been shown to
accelerate Cr oxidation,

2Cr + 3H,0 (g) = Cr,0; + 3H, (g) (2)

by relatively small amounts [18, 19, 20]. For Fe-Cr alloys with lower amounts of Cr, wet oxygen generally
increases oxidation rates by more than an order of magnitude after initial periods of protective oxidation
[29], as volatilization of Cr,05 in wet oxygen [30-33],

%Cry05 + H,0 (g) + %0, (g) > CrO,(OH); (g) (3)

can reduce the Cr concentration of the underlying alloy beneath a critical content. Once below this
threshold, less protective iron oxide formation begins to occur [34]. In pure steam, however, oxygen
partial pressure is low, Eq 3, and chromia volatility is anticipated to be low [32]. Furthermore, for a metallic
Cr coating, there is no potential to form less protective iron oxide.

There is little information regarding the impact of high steam partial pressures on chromia formation at
high temperatures. Tedmon calculated a parabolic rate constant of ~1.08 mg?/cm*h for the 1200°C
oxidation of Fe-95Cr in O, at 1.3E-4 MPa [27], while Pint et al. determined a parabolic rate constant of
0.72 mg?/cm*h for chromia formation on 310SS at 1200°C in Ar-50%H,0 at 1 bar [9]. To determine rate
constants, specimen mass gain data from Figure 3 was truncated so that t =0 h when T~1195°C. Truncated
specimen mass gain is plotted against t%/2 in Figure 10, such that

Aw = (kyt)'/? (4)

where Aw is mass gain in units of mg/cm?, k, is the parabolic rate constant in units of mg?/cm*h, and t is
exposure time in h. The slopes are equivalent to k,%/2 and R? values indicate the degree of fit to parabolic
behavior. As can be seen, mass gain was fairly parabolic during initial exposure, with rate constants of
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0.52, 0.76, and 0.74 mg?/cm*h for the 5HiPIMS, 10CA, and 5HiPIMS+10CA coating, respectively, all with
R? values above 0.99. These are roughly the same in value as the rate constant of 0.72 mg?/cm*h
determined by Pint et al. during 1200°C steam oxidation of 310SS in Ar-50%H,0 [9]. The equivalence is
not viewed as mechanism agreement. Rather, it’s an indication that steam oxidation of Cr potentially
occurs at similar rates to those of chromia forming alloys. Similarly, the presently determined rate
constants are lower than those observed by Tedmon but is not an indication that oxidation of Cr is slower
in steam. Rather, that the impact of steam on Cr oxidation may not be as profound or as significant as that
observed in other systems, for instance, the order of magnitude increase in silica formation [35]. A second
parabolic oxidation regime may exist for the Cr coated specimens, as indicated by the linear appearance
of mass change after the initial parabolic regime in Figure 10. The data could not be fit well but may be
due to the large degree of noise.

The transition from dense to porous chromia, Figure 4, Figure 5(b), and Figure 6, could be an indication
that chromia formation is not due solely to metallic Cr oxidation. Using a density of 7.14 g/cm3 for Cr and
assuming a density of 6.68 g/cm3 for Cr carbide, there is a ~100% volume expansion during the oxidation
of Cr compared to a 61% volume expansion during oxidation of Cr;C,. A transition from metallic to carbide
oxidation could result in a more porous scale forming, but the porosity could also be due to a diffusional
imbalance.

Using calculated rate constants from Figure 10, mass gain due to 1200°C Cr oxidation in steam can be
projected using Eq 4. As previously discussed, in steam the partial pressure of O, is anticipated to be low
and chromia volatilization negligible. Assuming stoichiometric oxidation, projected specimen mass gain,
chromia scale thickness evolution, and Cr consumption during 1200°C exposure using k, = 0.76 mg?/cm*h
are shown in Figure 11. Across all three Cr coated samples, the average thickness of total formed chromia
was ~7 um, and the average thickness of the denser outer chromia layer was ~5.5 um, Figure 5(b). From
Figure 11, 7 um of chromia formation consumes ~3.5 um of Cr after 1.74 h, while 5.5 um of chromia
formation consumes ~2.7 um of Cr after 1.06 h. Therefore, it is unlikely that chromia formation occurs
solely to metallic Cr oxidation, as the 7 um scale is anticipated to form after only 1.74 h - actual mass
change was observed to increase throughout the entire 1200°C hold beyond 1.74 h, Figure 3, indicating
continued oxide formation. It’s possible that after 7 um of chromia formation from metallic Cr, oxidation
of the underlying Cr,C, layer occurs at a rate low enough for additional chromia formation to be negligible.
However, it’s also possible that 2.7 um of metallic Cr was consumed to form a dense 5.5 um layer of
chromia after 1.06 h and that subsequent chromia formation occurs at the expense of the underlying
reaction layers.

The presently conducted steam exposures were not isothermal though, as steam was present during the
temperature ramp. It's probable that a non-negligible extent of Cr oxidation occurred during the
temperature transient, and thus, the projected times of chromia formation in Figure 11 are over-
estimated. Regardless, the comparison between observed formation and projected formation does
provide an estimate of Cr consumption due to oxidation, even with the potential transition from metallic
Cr to Cr carbide oxidation; ~ 2.8-3.5 um of the Cr coating is consumed due to steam oxidation. The
remaining metallic Cr is consumed by formation of the Cr carbide and silicide reaction product layers.
Evaluation of the Cr carbide layer thickness, Figure 5(b), revealed no significant differences between the
different coating thicknesses, while statistically significant differences were observed for the silicide layer.
The non-continuous nature and potential oxidation may be obfuscating thickness measurements of the
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carbide layer, as the formation of the silicide and carbide layer are anticipated to be correlated, and
therefore thicker silicide layers should be accompanied by thicker carbide layers.

The Si and O rich regions, shown in Figure 6 for the 5HiPIMS+10CA specimen but observed to form in all
coated specimens, is an indication of silica formation. These regions occur in two distinct manners: at the
carbide-silicide interface and inter-dispersed within the Cr carbide layer. At the carbide-silicide interface,
Si selectively oxidizes for form silica. Accordingly, Cr rich regions were observed underlying the interface
with no Cr,0; formation apparent. CrsSi is thought to have a similar high temperature oxidation resistance
to that of MoSi, under both isothermal [36] and cyclic [37] conditions. Raj reported on the oxidation
resistance of Cr,gMo03,Si3o [38] and observed that the alloy formed two protective oxide scales, consisting
primarily of Cr,0; below 1000 K and purely SiO, above 1575 K. Tomasi et al. reported a similar scale
morphology transition for a lower Mo content Cr silicide [39]. 1200°C oxidation of silica formers in wet
conditions have been reported to be rate limited by molecular diffusion through amorphous silica [4,40].
Silica formation occurs as,

Si + 2H,0(g) - SiO, + 2H,(g) (5).

Cross sections revealed scale spanning cracks that run normal to the formed interfaces, Figure 4. If present
at high temperatures, the cracks would provide direct transport of oxidants to the silicide layer. The cracks
may also form upon cooling due to coefficient of thermal expansion mismatch between all the layers and
may not be present at temperature. If so, diffusion of oxidants through the chromia and Cr carbide layer
would be necessary to form silica at the carbide/silicide interface. The mechanisms of silica formation
remain to be elucidated. What is clear is that the Si and O rich regions do not form after annealing, Figure
2, and are a direct consequence of steam oxidation. Silica formation is anticipated to be slow compared
to chromia formation and therefore contribute little to mass gain or hydrogen production.

Examination of the delaminated region, Figure 9, provides some insight into silica formation in the coating.
The region presented in Figure 9(b) represents a transition from free standing to fully adhered Cr coating
and the respective differences in evolved microstructure during steam exposure. Starting on the fully
detached segment on the right, the composition is solely Cr and O. Then, in the middle of the segment, a
small silica region is observed that transitions to the lighter shades of grey associated with the carbide
and silicide phases. On the left of Figure 9(b), where the coating has remained fully adhered, the general
four layer reaction product formation shown in Figure 4 andFigure 6 is seen. Specifically, a relatively large
amount of silica is observed between the chromia and carbide layers, and the amount of silica decreases
in the direction where the coating has begun to delaminate. Based on the cross section alone, it cannot
be concluded at which point during the exposure delamination occurred but the thin layer of Cr,C,, Figure
9(e), that extends from the fully adhered segments of the coating into the delaminated regions indicate
some degree of interdiffusion occurred prior to delamination. At the end of this segment, silica formation
is observed. It is difficult to draw many conclusions from a single phenomenon.

Comparative rates of hydrogen generation

Based on this preliminary study, no detrimental reaction product formation occurs during the steam
oxidation of Cr coated SiC up to 4 h at 1200°C. Rates of mass gain, and consequently of hydrogen gas
production, are still ~100x slower than zirconium based claddings. Projected mass gain during 1200°C
steam oxidation of various cladding materials is shown in Figure 12(a), utilizing Eq 4 and reported parabolic
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rate constants [1,5,9]. The oxide for each cladding is shown in the legend, and hydrogen gas production is
estimated in Figure 12(b) assuming stoichiometric oxidation for each oxide as

Zr + 2H,0 (g) = ZrO, + 2H, (g) (6)
2Cr + 3H,0 (g) = Cr,05 + 3H, (g) (7)
2Al + 3H,0 (g) - AlLO; + 3H, (g) (8)

SiC +3H,0 (g) > Si0, +3H,+CO (g)  (9)

during 4-h of 1200°C isothermal steam exposure. A rate constant of 0.76 mg?/cm*h has been used for the
presently reported Cr coatings. This was the highest rate constant observed amongst the three coating
systems, Figure 10. While mass gain was not observed to be governed by a single parabolic rate constant
throughout exposure, predicted mass gain after 4 h at 1200°C using a single rate constant was ~1.8
mg/cm?, Figure 12(a), while the highest observed mass gain after 4.5 h of 1200°C steam TGA exposure
(~0.5 h temperature ramp and 4 h of 1200°C isotherm) was ~1.5 mg/cm? Figure 3. The transition from
metallic Cr to carbide oxidation, Eq 5, could result in a 2 fold increase in H, generation on a mol per gram
mass gain basis, 0.0625 mol H,/gcm? compared to 0.135 mol H,/gcm, respectively. As previously
discussed, the transition would be anticipated to occur no later than 1.06 — 1.74 h into the 1200°C
isotherm. The largest mass gain, in all three coated specimens, occurring after this transition time is ~0.2
mg/cm? (observed for the 5HiPIMS+10CA and 10CA coatings); 0.2 mg/cm? is 10-20% of the mass gain for
each Cr coated specimen. This would translate into a 23.2% maximum increase in H, production, ~1.2E-4
mol H,/cm? to 1.48E-4 mol H,/cm?, after 4.5 h of 1200°C isotherm. This is a 34 fold decease compared to
the estimated 4.77E-3 mol H,/cm? production during steam oxidation of Zr-based cladding assuming
parabolic oxidation.

It’s important to draw a distinction between the anticipated role of Cr in the incumbent Zr-based cladding
system and in the proposed SiC-based composite cladding system. For the former, Cr coatings bestow
accident tolerance, while in the latter Cr coatings would grant normal operational tolerance i.e. composite
hermeticity. In accident modelling work reported by Feng et al., it was shown that while a Cr coating can
delay hydrogen production in the Zr-based system, the delay does not significantly change the total
amount of hydrogen produced [41]. Brachet et al. reported that up to temperatures of 1300°C, oxidation
of Cr coated Zr is initially nearly parabolic but transitions to non-protective behavior [42,43]. Above
1300°C, eutectic formation in the Zr-Cr binary system is anticipated to have a deleterious effect. This may
be in stark contrast with the Cr coated SiC system, where upon complete Cr consumption, oxidation rate
decreases, at least up to 1200°C, Figure 3. Future work on Cr coated SiC will need to focus on higher
temperatures, as there are several eutectics in the binary systems. In the Cr-Si system, eutectic formations
are anticipated at 1701°, 1408°, and 1328°C [22], while in the Cr-C system, eutectic formations are
anticipated at 1534° and 1727°C [24].

SUMMARY AND CONCLUSIONS

Chromium was deposited onto CVD SiC with HiPIMS, CA, and the combination of both, to nominal
thicknesses of 5, 10, and 15 um, respectively. As expected, all coating-substrate systems formed two
reaction layers after 1200°C vacuum annealing, a Cr carbide layer and a Cr,Si,C, layer. Similar reaction
products formed after 1200°C steam exposures but with a thick Cr,0; outer scale forming and a Si and O
rich interfacial region forming between the carbide and silicide reaction products. The HiPIMS and
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HiPIMS+CA coatings were well adhered after steam exposure, but large expanses of the CA coated
specimen were delaminated. A transition from a dense to a more porous chromia microstructure was
observed in all coated specimens after steam exposure. Although less oxidation resistant than uncoated
SiC, Cr coatings were fully consumed by oxidation and interdiffusion with the SiC at 1200°C and then the
rate slowed significantly, perhaps controlled by an inner SiO, layer. The H production will still be
significantly lower than current Zr-based alloy cladding.
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FIGURES

5HiPIMS

Figure 1 Cross sectional BSE micrograph of the (a) 5HiPIMS, (b) 10CA, and (c) 5HiPIMS+10CA Cr coatings deposited onto SiC.
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Figure 2 (a) Cross sectional BSE of the reaction layers that formed in a 5HiPIMS specimen after 4-h vacuum annealing at 1200°C.
The 5HiPIMS+10CA system and 10CA systems formed similar reaction products. (b) XRD pattern obtained from the same
5HIiPIMS specimen prior to cross sectioning.

Table 1 EDS quantification of three points from each reaction layer shown in Figure 2.

Point Cr Si ¢
(at%) (at%) (at%)
1 53 - 47
2 51 1 48
3 48 2 50
4 44 27 29
5 44 27 29
6 44 27 29
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Figure 3 TGA specimen mass gain during 1200°C exposure. Steam was introduced at ~550°C. Due to a low signal to noise ratio,
SiC TGA mass gain is not plotted. Single data point mass gains are reported for the coated and bare SiC and were determined via
microbalance from initial and final mass.
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Figure 4 Cross section BSE micrographs of the (a) 5HiPIMS, (b) 10CA, and (c) 5HiPIMS+10CA coating systems after 1200°C steam
exposure.
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Figure 5 (a) Thickness measurements of the Cr,0;, Cr,C,, and Cr,Si,C, layers that form after 4-h of steam exposure at 1200°C for
the 5HiPIMS, 10CA, and 5HiPIMS+10CA systems. The Cr,C, layer is taken as the entire length from the end of the Cr,0; oxide
scale to the beginning of the Cr,Si,C, reaction product layer. The Cr,C, layer was found to be discontinuous in some regions, and
aforementioned automated scale analysis code was programmed to exclude these regions. Initial coating thicknesses were 4.1 +
0.2,10.0 + 0.4, and 12.9 + 0.3 um for the 5HiPIMS, 10CA, and 5HiPMS+10CA systems. (b) Thickness measurements of the dense,
outer region of the Cr,03 layers and the porous, inner regions.
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Figure 6 Cross section BSE micrograph of the (a) 5HiPIMS+10CA system after 1200°C steam exposure, and EDS maps of,
respectively, (b-e) oxygen, silicon, Cr, and carbon. The 5HiPIMS and 10CA systems formed similar regions.
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Figure 7 XRD patterns obtained from a 5HiPIMS specimen after steam exposure from room temperature
up to 1200°C followed by a 4-h hold. XRD patterns obtained from the 5HiPIMS+10CA were similar.
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Figure 8 (a) Cross section BSE micrograph of the 5HiPIMS specimen after 1200°C steam exposure and (b) associated EDS line
scan profile with a 0.5 um resolution.
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Figure 9 (a) BSE micrograph of a cross section taken from the 10CA sample in a region of coating delamination after 1200°C
steam exposure. (b) Magnified BSE micrograph of the region where delamination occurs, location is marked by dashed rectangle
in (a). Elemental EDS maps of (c) oxygen, (d) silicon, (e) Cr, and (f) carbon.
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Figure 10 Specimen mass gain plotted against the square root of time for 5HiPIMS (red), 10CA (purple), 5HiPIMS+10CA (orange)
from Figure 3, but truncated such that when T ~1195°C, t = 0 h, and mass gain is zero.
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Figure 11 Projected specimen mass gain, chromia formation, and Cr consumption with time at 1200°C based off the largest rate
constant observed during the 1200°C steam isotherm. Chromia thickness is calculated assuming stoichiometric oxidation, for
every 48 g of mass gain 1 mol of Cr,0;3 forms, and a chromia density of 5.22 g/cm?3. Chromium consumption is calculated based
on every 1 mol of Cr,03 formation, 104 g of Cr is consumed.
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Figure 12 (a) Projected mass gain of various cladding materials during isothermal 1200°C steam oxidation [1,5,9] (b) Estimated
hydrogen generation assuming stoichiometric oxidation of cladding materials in (a).
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