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investigating high-dose neutron irradiation effects on the strength of selected joints and low-dose
neutron irradiation effects on recently developed joints fabricated by state of the art processing
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nuclear applications.
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Abstract

This study fills a knowledge gap regarding neutron-irradiation resistance of SiC joints for
nuclear applications, by investigating high-dose neutron irradiation effects on the strength of
selected joints and low-dose neutron irradiation effects on recently developed joints fabricated by
state of the art processing methods. The joining methods used for the high-dose radiation study
included pressure-assisted liquid-phase sintering (LPS) of SiC nanopowder, pressureless calcia-
alumina glass ceramics joining, and reaction sintering of Ti-Si-C powders with hot-pressing. The
joints were neutron-irradiated at 530°C to 20 displacements per atom (dpa). Other joining
methods included low-pressure LPS of cold-pressed SiC green body, pressureless reaction
sintered Ti-Si-C powder joint, spark plasma-sintered Ti diffusion bond, and hot-pressed Ti
diffusion bond, which were irradiated at ~500°C to ~2 dpa. There was no notable degradation of
torsional strengths of the joints following the high-dose irradiation. The irradiation-induced
degradation at low neutron dose was highly dependent on joint type.
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1. Introduction

Joining is an essential technology for fabricating large and/or complex-shape components.
For the development of silicon carbide (SiC) based materials for nuclear applications, it is also
recognized as a key technology [1,2]. A fusion blanket, for example, requires the assembly of
SiC based components of various shapes [3,4]. Joining complex-shape components becomes
feasible when low joining pressure is used. In the case of SiC composite fuel cladding for light
water reactors, the development of end-plug sealing technology and retention of hermeticity at
the joint section are recognized as critical feasibility issues [5]. In addition to joint processing,
degradation of mechanical properties as a result of neutron irradiation is a concern and a
technical hurdle for nuclear structural applications in general [6,7].

Previous studies investigated the effects of neutron irradiation on the torsional shear strength
of various SiC-to-SiC joints fabricated by solid state diffusion bonding using titanium (Ti) and
molybdenum (Mo) interlayers, glass ceramic joining, reaction sintering with a Ti-Si-C system,
liquid-phase sintering (LPS) SiC joining, and hybrid processing of polymer pyrolysis and
chemical vapor infiltration [8,9]. Most of these joining concepts were originally developed for
non-nuclear applications.

The irradiation temperatures and displacement damage levels projected for SiC applications
range from 300 to 800°C and 2-9 displacements per atom (dpa), respectively. Post-irradiation
mechanical tests found that all the joints retained a torsional shear strength exceeding 80 MPa.
These positive results encouraged further investigation of these joints for nuclear applications.
Since the radiation damage levels were low compared with the total damage expected in nuclear
fusion and advanced fission reactors [10], this study investigated high-dose neutron irradiation
effects on selected joints previously studied.

The other focus of the irradiation experiments in this study is investigation of SiC joints,
previously little studied for nuclear applications. The joining methods include spark plasma
sintering (SPS), pressureless reaction sintering with a Ti-Si-C system, and low-pressure LPS of
cold-pressed SiC green body (low-pressure LPS + CP hereafter). Joining SiC to SiC by SPS has
been actively developed in recent years. The rapid heating (>50°C/min) and short dwell time (~5
min) of the SPS process enabled the formation of a unique microstructure in the bonding layer,
not seen in joints fabricated by conventional hot-pressing [11-14]. Since Ti-diffusion-bonded
SiC retained its strength after irradiation in a previous study [8], a Ti interlayer was also applied
using the SPS process in this study. For the pressureless Ti-Si-C reaction sintering process, a
pressureless joining process was recently demonstrated [9], contrasting to the 30-40 MPa
applied stress in a previous study [8]. In addition, a preliminary irradiation study found
insignificant changes in joint strength following irradiation at 290°C to 8.7 dpa [9]. This joint is
further investigated in this study, as the pressureless joining process is promising for the
integration of large, complex-shaped components. Low-pressure LPS of cold-pressed SiC green
body processing is also a process that uses reduced pressures of ~0.1 MPa applied during heating
in contrast to the applied stress of 20 MPa used for previously fabricated joints [8]. Low-pressure
sintering represents important progress toward fully pressureless LPS SiC joining.

Studying neutron irradiation effects on SiC joints requires a reliable mechanical test method
applicable to a miniature test specimen because of the limited volume of irradiation capsules
(e.g. 50x6x6 mm? in this study). Previous efforts in the development of miniature specimen
testing techniques established the validity of torsional shear testing of hourglass ceramic joints
[15,16]. The advantages of torsion testing over existing test methods such as single-lap offset
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tests (ASTM D905-08) and asymmetrical four-point bending tests (ASTM C1469-10) include
small test specimen size (6x6x3 mm?3), pure shear failure of specimens achieved for certain joint
types, and a uniform stress state at the outer surface of the bonding layer in the torsion specimen.
ASTM standardization of the torsional shear test is in progress. Detailed comparisons of joint
strength test methods can be found elsewhere [8]. The torsional shear test was also employed in
this study so that the joint strengths could be compared to previous irradiation studies.

2. Experimental

2.1 Processing of SiC joints

The bonding phases tested include calcia-alumina (CA) glass ceramic, LPS SiC, and TisSiC»
MAX phase-based ceramics. Chemical-vapor-deposited (CVD) B-SiC (Dow Chemical Co.,
Marlborough, Massachusetts) with purity >99.9995% was the substrate material for all the joints.

Pressureless CA glass ceramic joining was applied in the same manner as used in previous
irradiation experiments [8]. A CVD SiC plate was machined to form half-pieces of a miniature
hourglass in advance of the joining. The feedstock of the bonding layer was 49.7 wt % CaO and
50.3 wt% Al>O3 powders, heated in a Pt crucible at 1650° in air for 1 h, to obtain a glass-ceramic
by melt-quenching and applied as ethanol based slurry on both hourglass half-pieces. The
samples were joined by heating in a tubular oven under an argon flow for 10 min at 1480°C in
the absence of applied pressure [15]. The joint phases of the CA glass ceramic were reported to
be a mixture of calcium aluminum oxides such as 3Ca0O-Al,O3 and 12Ca0-7Al,03 [15].

Three types of LPS-SiC joints were fabricated: pressure-assisted LPS-SiC nanopowder using
slurry or using green sheet, and low-pressure LPS-SiC nanopowder with cold-pressing. They are
referred to as pressure-assisted LPS-SiC (slurry), pressure-assisted LPS-SiC (green sheet), and
low-pressure LPS-SiC with CP, respectively. The processing conditions for the pressure-assisted
LPS-SIiC (slurry and green sheet) joints can be found elsewhere [9]. The green sheet consisted of
the feedstocks for the SiC nanopowder slurry plus an organic binder to give the sheet enough
strength and flexibility for handling. The thickness of the bonding layer was easily adjusted by
adjusting the green sheet thickness. However, the organic additives in the sheet affected the
quality of the final product. In contrast, the slurry method did not require organic additives. It
achieved a higher-purity feedstock system. The drawback of the slurry method was the difficulty
of controlling the joint thickness. The slurry was prepared by milling a mixed powder with
zirconia balls in ethanol. The mixed powder consisted of a SiC nanosize powder (average
diameter ~30 nm, Nanomakers, France), an Al.O3 powder (average diameter ~0.3 mm, Kojundo
Chemical Lab. Co., Japan), and a Y203 powder (average diameter ~0.4 mm, Kojundo Chemical
Lab. Co., Japan). The total amount of oxide additives was 6 wt% with a weight ratio of
Al203:Y203 = 3:2. The slurry was sandwiched between CVD SiC plates and then dried at 80°C
before heating. The joint was then formed by hot-pressing at 1850°C for 1 h in an argon
atmosphere, under a pressure of 10 MPa. The feedstock for the green sheet was the same as that
for the slurry sintered joint, except for the additional use of organic binders. The green sheet was
provided by Gunze Ltd. in Japan. SiC/green sheet/SiC sandwiches were joined by hot-pressing,
with the same hot-pressing conditions as for the slurry joint. The dimensions of the SiC substrate
were 40x40x5mm. The joint formed by low-pressure LPS-SiC with CP was also fabricated using
a powder mixture consisting of the Nanomakers SiC nanopowder and sintering additives, Al.O3
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powder (Nano Products Corp.), and Y203 powder (Nanostructured and Amorphous Materials),
with a weight ratio of Al.O3:Y203 = 3:2, with organic agents. The total amounts of oxide
additives and organic agents were 6 and 3.5 wt%, respectively. The feedstock powders were
mixed by ball milling with a silicon nitride media. The joints were formed by sandwiching a
dried mixed powder between CVD SiC plates followed by cold-pressing at 10 MPa in a graphite
die for green powder compaction. The size of the CVD SiC substrate was 21x31x6 mm. The
sandwiched materials were heat-treated at 1875°C for 1 h in a flowing argon atmosphere in a
graphite die. A very small pressure (~0.1 MPa) was applied during heating to hold the specimen
in the furnace. All bonded plates were machined into miniature hourglass specimens for
irradiation.

Four types of SiC joints with a TisSiC, MAX phase—based bonding layer were fabricated:
hot-pressed MAX-phase joint, pressureless MAX-phase joint, SPS MAX-phase joint, and Ti
diffusion bond. The processing recipe for hot-pressed MAX-phase-bonded SiC has been
reported [17]. A tapecast mixture of TiC and Si powders in a 3:2 ratio with an organic binder
was used as the bonding layer. This powder mixture exhibited a displacement reaction of 3TiC +
2Si -> TisSiC, + SiC during heating. Joining was accomplished by heating the specimens at
approximately 20°C/min with a 4 h hold at 1425-1435°C and a 20°C/min cool-down. A pressure
of 40 MPa was maintained during the 24 h hold. The joint thickness of 15 um was controlled by
the thickness of the tape casting. For fabrication of the pressureless MAX-phase bond, a set of
joining agent materials were purchased from Hyper-Therm High Temperature Composites
(currently Rolls-Royce High Temperature Composites, Huntington Beach, CA). The Ti-Si-C
phase-based joints of CVD SiC were produced based on a pressureless slurry process following
the Hyper-Therm formula. Note that no pressure was applied during the formation of the joints in
a furnace. The bonded plates were machined into hourglass torsion specimens. Details of the raw
materials and the process conditions are proprietary. The SPS MAX-phase joints were fabricated
using a 25 um Ti foil. As in the CA glass joint processing, pre-machined half-pieces of CVD SiC
substrate were used for joining. The samples were loaded in the SPS equipment (FCT HP D 25,
FCT Systeme GmbH) in a cylindrical graphite mold and heated under pulsed current at a rate of
50°C/min with a dwell time of 5 min at 1700°C under a vacuum of 5 Pa. The optimized pressure
was 50 MPa. Details of the process development can be found elsewhere [18]. The processing
recipe for the Ti diffusion bond has been reported [9]. A Ti foil (25 um thick, 99.94% pure, Alfa-
Aesar, Ward Hill, MA) was used as the interlayer. The SiC/Ti foil/SiC sandwiches were joined
by hot-pressing at 1500°C with heating rate of 10°C/min for 1 h in vacuum, under a uniaxial
pressure of 17 MPa. Titanium powder was used as a getter to reduce the oxygen partial pressure
in the furnace
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Table 1 Summary of test materials, processing conditions, irradiation conditions, and joint
strengths. The parentheses indicate the standard deviation. The fracture appearance after torsion
testing is also indicated by S (substrate failure), J (joint failure), or J/S (failure at both substrate

and joint).
Neck Torsional Numbe
Joining Specimen type Processing conditions Bonding diameter TE.E:t strength ’ t?f Fracture
type layer of conditions [MPa] torsion surface
hourglass i tests
CS:;S;C Pressureless 1480°C 12Ca0 - Unirradiated 104 (26) 10 Jand I/S
based CA glass ceramic 10 min TALO;, 5 530° C/20.2dpa 88 (48) 3 Jis
- 0 MPa 3Ca0 - AlOs 780° C/2.3dpa 110 (10) 3 Jand I/S
jomning
Pressure_assisted 1850°C SiC, Unirradiated 319 (31 6 S
LPS-SiC ( ) 1h Y-Al-Zr 4 530° C/20.2dpa 319 (37 3 S
y 10 MPa oxides 730° C/2.3dpa 25 (44 3 Sand]
LPS siC Pressure-assisted 1850°C SiC, Unirradiated 116 (24) 9 S and I'S
base LPS-SiC 1h Y-Al-Zr 4 530° C/20.2dpa 130 (32) 3 S
joining (green sheet) 10 MPa oxides 730° C/2.3dpa 44 (88) 4 J
1875°C L
Low-pressure LPS 1h sic Unirradiated 114 (21) 9 5
; > y 180° C2 y ) y
of cold pressed SiC 0.1 MPa at 1875°C VAL onides 4 4800 C.I-_gdpa 146 (32) 4 S
green body 10 MPa at RT 730° C/2.3dpa 126 (37) 3 S
. ~1430°C L
Hot-pressed MAX- ih TSiCo. SIiC < Unirradiated 112 (38) 6 SandJ
phase joint 40 P 1t St > 530° C/202dpa 108 (12) 3 s
Proprietary for e ) 5
Pressureless MAX temperature and Ti3SiCa, SiC, Lnj:rradl.lated 14712 § S
, . 5 490° C/2.9dpa 110 (19) 4 S
MAX phase holding_time TC 780° C/2.3dp. 107 (19) 3 S
phase 0 MPa roocpa
forming 1700°C s
joinin Inirradi 2 -
RS SPS MAX phase 5 min TaSiC,, SIC 5 S0 Coma 13 T sl
50 MPa - - S/
1500°C TinSiCo Unirradiated 133 (22 6 S
Ti diffusion bond 1h ?[iSiw“ 5 510° C/2.9dpa 179(7) 3 S
17 MPa - 780° C/2.3dpa 161(3) 3 S

The geometry and appearance of the hourglass joint specimens are shown in Fig. 1. The
dimensions of the test specimen were 6 x6 x3 mm, projecting as a 6 mm square when viewed
normal to the bond plane (Fig. 1a). The square section was 1 mm thick, and the bonding layer
was located at the midplane of the specimen in the 2.9-3.0 mm total thickness direction (Fig. 1a—
c). The neck diameter of the hourglass specimen was 4 mm for the LPS-SiC—based joints (Fig.
1c) and 5 mm for the other joints (Fig. 1b). The neck diameter was chosen to enable comparison

with previous work.
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(a) Pressureless (b) Pressureless (c) Pressure-assisted
MAX phase joint MAX phase joint LPS SiC (green sheet)

Neck diameter: 5Smm Neck diameter: 4mm

SiC
substrate &

substrate
6mm 6mm

Fig. 1. Geometry of the hourglass SiC joint specimens: (a) top view and (b) side view of
pressureless MAX-phase joint and (c) side view of pressure-assisted LPS-SiC (green sheet) joint.

2.1 Irradiation and post-irradiation examination

The joint specimens were neutron irradiated at 480-780°C to 2.3-20.2x10% n/m? (E >0.1
MeV) in target rod rabbit holders position (position TRRH 5 or 7) in the High Flux Isotope
Reactor at Oak Ridge National Laboratory. Each rabbit capsule contained 16 hourglass-shaped
specimens. Temperature was controlled by varying the size of the gas gap between the holder
and the housing. Thermal analysis using an ANSYS finite element software package was
conducted to ensure that the specimens would be irradiated at the desired temperatures. The
fluence corresponded to 2.3—-20 dpa-SiC, assuming equivalence of 1 dpa = 1x10% n/m? (E >0.1
MeV). This paper consistently uses the displacement damage for the SiC substrate rather than the
bonding layer. Irradiation temperatures were determined by post-irradiation measurement of the
length change of passive SiC temperature monitors using a NETZSCH DIL 402CD dilatometer
as swelling of SiC starts recover at irradiation temperature [19]. The temperature monitors were
designed to physically contact the substrates of the joint specimens during irradiation. The
irradiation conditions are summarized in Table 1. Pressureless CA glass ceramic, pressure-
assisted LPS-SiC (slurry and green sheet), and hot-pressed MAX-phase were irradiated to a
neutron damage of 20 dpa. The other joints were irradiated to 2.3-2.9 dpa. The total duration of
the irradiation was ~350 days for 20 dpa and ~25 days for 2.3-2.9 dpa. There was a reactor
shutdown approximately every 25 days during the longer irradiation.

Torsion testing was conducted to evaluate the shear strength of the joints using a
TestResources 160 GT-125Nm torsion system with pairs of flexible couplers and sample grips.
The flexible coupling maintains the alignment during loading. Aluminum-alloy tabs were
installed at the square grip sections to obtain uniform grip stress distributions. Details of the
torsion test system have been reported [9]. The rotation speed during test was 0.15 degree/min.
Nominal shear strength values (z) are given by the following equation

t = 16Tk/nd® (1)

where T is the applied torque, d is the specimen diameter of the neck, and k is the stress
concentration factor due to the fillet notch, based on ASTM Standard F734-95. This study
adopted k = 1 to compare with the results from the previous study. Since k depends on the
diameter of the hourglass specimen, the strength is comparable only when the specimen
geometry is the same. The number of torsion tests is shown in Table 1. All the tests were
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conducted at ambient temperature, approximately 23°C. Torsion shear testing can provide the
shear strength based on Eq. (1) if the specimen fails in shear and a fracture initiates from the
surface of the neck section. However, only a limited number of joints exhibited a shear failure.
As in the previous studies [8,9], the specimen fracture appearance was categorized as one of
three types: joint failure (J), substrate failure (S), and failure at both substrate and joint (S/J) (Fig.
2). Even for joint failure, the fracture initiation site could not be identified from the fracture
surface. Therefore, the strength measured was the torsional strength rather than shear strength.
Furthermore, the strength should be carefully compared among the specimens joined before and
after machining as the machining processes affect surface condition. However, the data are still
useful for comparing the strength of the joints before and after irradiation.

(a) Joint failure (b) Substrate failure (c) Failure at both substrate and joint
(Pressureless CA glass ceramics joint)  (Low pressure LPS SiC with CP joint) (Pressure-assisted LPS SiC [green sheet] joint)

e o e S
e g Sfvrl

7

I Bonding
layer

Fig. 2. Examples of fracture appearance of SiC joints subject to torsion test: (a) joint failure, (b)
substrate failure, and (c) failure at both substrate and joint. White and red arrows in image (c)
indicate cracks within the substrate and along the joint interface, respectively.

The fracture appearance of the joint specimens was examined using a KEYENCE VHX-1000
digital microscope. Scanning electron microscopy (SEM) and focused ion beam (FIB) milling on
a FEI Versa 3D DualBeam were also used. Cross sections of the joint specimens that had not
experienced mechanical testing were imaged using SEM. Specimen preparation for analysis of
the cross section was performed using mechanical polishing with diamond films followed by
final polishing with a colloidal silica suspension. Electron backscatter diffraction (EBSD)
analysis used an Oxford Instruments Nordlys Il detector on the Versa SEM. The results of EBSD
analysis were presented only for pre-irradiation specimens because of the low data quality
(degradation of Kikuchi pattern quality) of irradiated specimens attributed to radiation-induced
lattice disordering [9]. Thin foils for transmission electron microscopy (TEM) observation were
prepared using the FIB operated at 30 kV for rough milling and 2 and 5 kV for final thinning,
followed by low-energy ion milling using a Fischione Model 1040 NanoMill operated at 600 and
900 eV. TEM observations were conducted using a JEOL JEM2100F with TEM and scanning
TEM (STEM) modes operated at 200 kV.

3. Results

3.1 Low-dose neutron irradiation of LPS SiC-based joints

Cross sections of the as-fabricated LPS-SiC—based joints are shown in Fig. 3. The joint
thickness of the pressure-assisted LPS-SiC (slurry) was about 100 pum and the bonding layer was
highly dense (Fig. 3a). In addition, no macroscopic cracks or interface debonding were found.
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The green sheet joint had a thicker bonding layer (150 pm). The microstructure was
inhomogeneous even in the cross-section of the same specimen, with localized ~100 pum pores
(Fig. 3b). The joint fabricated by low-pressure LPS-SiC with CP exhibited micropores within a
400-500 pm joint thickness. The bonding layer contains some amount of porosity (<5um in
size). It was expected that full densification of the bonding layer would require a higher cold
pressure on the SiC powder compact (e.g., 100 MPa) to achieve high green density, based on a
previous study of an LPS-SiC monolith [20]. LPS-SiC-based joints are known to contain SiC
grains and secondary phases attributed to alumina and yttria sintering additives. These oxides are
known to promote sintering by the formation of a eutectic liquid that acts as a mass transfer
medium during sintering [21]. The oxide secondary phases in the LPS-SiC—based joints were
examined using SEM-EDS (energy-dispersive X-ray spectroscopy) analysis as shown in Fig. 4.
Yttrium, aluminum, and oxygen, which were in the sintering additives, were clearly detected as
elements of secondary phases in three types of joints. In addition, the secondary phases contained
zirconium impurity in both types of pressure-assisted LPS-SiC joints. The Zr likely came from
the ball milling media used during processing. Zirconium was not detected in the low-pressure
LPS-SiC with CP joint because a zirconium-free media was used. The LPS-SiC green sheet joint
had significant local segregation of the oxide phases. In contrast, the other two joints showed
broader dispersion of the oxide phases within the bonding layer. The chemical compositions of
the oxide phases in both types of pressure-assisted LPS-SiC joints varied at different locations,
revealing nonuniformity in the joint microstructures. The low-pressure LPS-SiC with CP showed
better consistency of the joint microstructure. A Y-Al oxide was a dominant secondary phase at
different locations analyzed.

(b) Pressure-assisted LPS SiC
(green sheet)

1 'sic substrate

(a) Pressure-assisted LPS SiC (slurry) (c) Low pressure LPS SiC + CP

SiC substrate

SiC substrate

MR

ﬁ?"di”gv'a‘}’er _A Bonding layer

SiC substrate

20pum

50pum —— 50pM
Fig. 3. Secondary electron micrographs of sections through unirradiated LPS-SiC—based joints:

(a) pressure-assisted LPS-SiC (slurry), (b) pressure-assisted LPS-SiC (green sheet), and (c) low-
pressure (~0.1 MPa) LPS-SiC with CP.
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(a) Pressure-assist

ed LPS SiC (slurry) Al

Bonding
layer

SiC

substrate 5pm

Y o
(b) Pressure-assisted LPS SiC Al Y (o}
(green sheet) P’
Bonding : T ey
layer ‘ s
Sic e g
substrate{
(c) Low pressure LPS SiC with CP Al Y (o}
' :‘s‘ : - - -

SiC
su bstrate_{
— 5

Fig. 4. Backscatter electron micrographs and EDS elemental maps of as-fabricated LPS-SiC—
based joints.

— 5m

Bonding
layer

Fig. 5 shows the torsional strengths of the unirradiated and irradiated SiC joints. The
pressure-assisted LPS-SiC green sheet joint and low-pressure LPS-SiC with CP joint showed
torsional strengths of ~115 MPa in an unirradiated condition. The LPS-SiC slurry joint showed
exceptionally high torsional strength of 319 MPa before irradiation. It should be noted that there
are various factors potentially affecting the torsional strength, including strength of the bonding
layer, interfacial bonding strength, joint thickness and modulus, residual stress, and surface
condition after machining. The fracture appearance of the joint is a useful indication of the
robustness of the joint layer and the interface [8]. Substrate fracture surface can be seen in robust
joints. The crack could initiate either within or out of the bonding layer because of load sharing
between the joining region and substrate and the probabilistic nature of fracture in ceramics [16].
Fracture surface of the joint plane indicates that the bonding layer or joint interface is relatively
weak. Fracture surface of both joint and substrate implies intermediate strength of the joint layer
and interface. That explanation was also applicable in this study: the fracture surfaces of the
LPS-SiC slurry joint and the low-pressure LPS-SiC joint were always in the substrate, because
their bonding layers were dense and the substrate and LPS-SiC were well bonded. The LPS-SiC
green sheet joint failed at the substrate or substrate/joint mixture because of large pores.

Irradiation at 730°C to 2.3 dpa significantly degraded both types of pressure-assisted LPS-
SiC joints (slurry and green sheet). Two of the four slurry joints and three of the four green sheet
joints were debonded when the specimens were removed from the irradiation vehicle, as shown
in Fig. 6. The failures occurred at the joint interfaces. There was no indication of mechanical
damage during disassembly of the radiation vehicle, and the other joint specimens were intact.
Joint strengths of the irradiated joints are also shown in Fig. 5. The strengths of the failed
specimens were considered to be near zero. Since a majority of the specimens failed before
testing, the strengths after irradiation were significantly lower than the unirradiated values. The
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low-pressure LPS-SiC with CP joint retained its joint strength, with substrate fracture surfaces
following neutron irradiation at 480°C to 2.9 dpa and 730°C to 2.3 dpa, as shown in Fig. 5.
Cross-sectional SEM observation (Fig. 7) did not find any microstructural changes, such as
interfacial debonding and cracking, as the result of neutron irradiation, which explains the
strength retention following irradiation.
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Fig. 5. Torsional strengths of unirradiated and neutron-irradiated LPS-SiC—based joints.
Appearance of fracture surface is also indicated.
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Fig. 6. Half-pieces of pressure-assisted LPS-SiC (slurry and green sheet) joints following
irradiation at 730°C to 2.3 dpa, showing failure at the joint plane during irradiation experiment.
See fractography of unirradiated sample in Fig. 2c for comparison.
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Fig. 7. Secondary electron micrographs of SiC joints fabricated by low-pressure LPS of cold-
pressed SiC green body: (a) irradiated at 480°C to 2.9 dpa, and (b) irradiated at 730°C to 2.3 dpa.

3.2 Low-dose neutron irradiation of MAX phase—based joints

Phases in unirradiated specimens of the Ti diffusion bond, pressureless MAX-phase joint,
and SPS MAX-phase joint were analyzed by EBSD (Fig. 8). All the joints contained a TisSiC>
MAX phase as a main joint phase. The Ti diffusion bond had a TizSiC, phase near the joint
interface and a mixed structure of TizSiC, and TiSi. at the center of the joint layer [9] (Fig. 8a).
A mixture of TizSiC, and Ti silicide was also reported in Ti diffusion-bonded SiC [22]. The
phase map of the pressureless MAX-phase joint shows that the dominant joint phases were
Ti3SiC; and SiC (mainly 6H or 4H hexagonal structure) and the minor phase was TiC (Fig. 8b).
The EBSD result was qualitatively consistent with the EDS results, despite a possible mistake in
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the assignment of phases between TiC and 3C SiC in the EBSD software because of a similar
Kikuchi pattern. The SPS MAX-phase joint had a dominant TizSiC> phase (~90%) in the bonding
layer in addition to a minor TiC phase near the middle of the bonding layer (Fig. 8c). Note that
3C SiC grains within the bonding layer were likely an artifact, as was confirmed by EDS
analysis. A combination of TisSiC2 and TiC phases was also reported for hot-pressed Ti
diffusion-bonded SiC [23]. No notable grain texture was found for the MAX phase—based joints
except for a TiSi2 phase in the Ti diffusion bond. All three types of joints developed some cracks
during processing, likely due to a mismatched coefficient of thermal expansion between SiC and
the joint phases. Cracking in the Ti diffusion bond was very minor and was not obvious under
low—magnification SEM observation. The pressureless MAX-phase joint contained cracks across
the bonding layer. Cracks in the SPS joint also propagated approximately perpendicular to the
joint interface. The crack paths in the SPS MAX-phase joint followed grain boundaries, based on
comparison of the SEM image and the EBSD map.
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Fig. 8 SEM micrographs and EBSD phase maps of three types of unirradiated SiC joints
containing TizSiC, MAX phase as a main joint phase: (a) Ti diffusion bond, (b) pressureless
MAX-phase joint, and (c) SPS MAX-phase joint. Cracks are noted by arrows in the micrographs.

Fig. 9 and Table 1 summarize the results of the torsional shear tests of the unirradiated and
irradiated SiC joints. All the MAX phase—based joints failed at the SiC substrate regardless of
irradiation, implying that the joints were robust. The average torsional strengths of the Ti
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diffusion bond, pressureless MAX-phase joint, and SPS MAX-phase joint were 133, 147, and 82
MPa before irradiation, respectively. The strengths were not significantly degraded by irradiation
at 490-510°C to 2.9 dpa or irradiation at 730—780°C to 2.3 dpa. The most significant change was
for the pressureless MAX-phase joint irradiated at ~500°C, which showed a ~25% reduction in
torsional strength. However, the torsional strength remained high (>100 MPa) and the failure
location was the substrate. Hence, it is reasonable to conclude that MAX phase—based joints with
different microstructures were resistant to irradiation in terms of maintaining strength. This
similarity may be associated with all the MAX phase-based joints having the TisSiC, phase
facing the SiC substrate. Contrary to the high torsional strength after irradiation, cross-section
SEM observation found radiation-induced damage. Cracks propagating perpendicular to the joint
interface were found in the Ti diffusion bond (Fig. 10a); they were absent before irradiation. The
pressureless MAX-phase joint also experienced cracking during irradiation; the crack density
clearly increased from the unirradiated to the irradiated condition (Fig. 10b). These two types of
irradiated joints showed similar microcracking behavior at ~500 and ~750°C. In the SPS MAX-
phase joint, process-induced cracks opened up during irradiation, as shown in Fig. 10c. Even
though irradiation-induced damage was found, not all of the irradiated joints showed interfacial
debonding, which is one explanation for why the joint did not fail at the interface or within the
bonding layer during torsion tests.
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Fig. 9 Torsional strength of MAX phase—based joints before and after irradiation. All the joints
failed at the substrate regardless of irradiation.
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Fig. 10 Cross-section SEM micrographs of MAX phase—based joints following neutron
irradiation at 490-510°C to 2.9 dpa: (a) Ti diffusion bond, (b) pressureless MAX-phase joint,
and (c) SPS MAX-phase joint.

3.3 High-dose neutron irradiation of selected joints

The pressure-assisted LPS-SiC joints (both slurry and green sheet joints), pressureless CA
glass ceramic joint, and hot-pressed MAX-phase joint were evaluated before and after neutron
irradiation at 530°C to 20 dpa. To the best of our knowledge, this is the highest level of neutron
damage reached in testing ceramic joints for nuclear applications. The microstructures of the as-
fabricated LPS-SiC joints were shown in Fig. 3 and Fig. 4. The joint phase of the pressureless
CA glass ceramic joint was found to be a mixture of 3Ca0O-Al>03 and 12Ca0-7Al;0s3 , according
to detailed evaluation using XRD and TEM [24]. The hot-pressed MAX-phase joint had a
mixture of phases (TisSiC2 and 3C SiC) as reported [8]. This microstructure was expected based
on the displacement reaction of 3TiC + 2Si = TisSiC, + SiC.

The torsional strengths of the unirradiated and irradiated joints and the fracture appearance
are shown in Fig. 11 and Table 1. The pressureless CA glass ceramics joint, pressure-assisted
LPS-SiC green sheet joint, and hot-pressed MAX-phase joint showed torsional strengths of ~100
MPa in the unirradiated condition, which is consistent with previous results [8]. The fracture
surface varied among different test specimens. The pressureless CA glass ceramic joint exhibited
fracture surface of the joint plane or both the substrate and the joint. The MAX-phase joint
showed fracture at the substrate or the joint plane. Surprisingly, the high-dose neutron irradiation
caused no notable strength degradation for any of the joints investigated, shown in Fig. 11.
Although the pressureless CA glass ceramic joint and hot-pressed MAX—phase joint showed a
reduction in torsional strength after irradiation, the effect of irradiation was insignificant
considering the standard deviation. The observation of the fracture surfaces also supported the
results of the torsion testing; none of the joints showed signs of strength degradation, such as a
change in the fracture surface from substrate to joint, or from failure at the joint/substrate
interface to failure only at the joint. This demonstrates that those four types of SiC joints
survived the high-dose neutron irradiation.
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Fig. 11 Torsional strength of SiC joints irradiated at 530°C to 20 dpa-SiC. Error bars indicate
one standard deviation. The appearance of fracture surfaces is also indicated.

Fig. 12 shows backscattered electron (BSE) SEM images of polished cross-sections of the
pressureless CA glass ceramic joint before and after irradiation. The joint contained two major
phases, 3Ca0-Al.0Oz3 and 12Ca0-7Al>03 [24], which were distinguished based on image contrast.
The joint thickness was ~10 pum, and it varied (5-15 um) among different specimens because the
joints were individually made. The joint thickness stayed within this range following irradiation.
The as-fabricated joint contained cracks propagating approximately perpendicular to the joint
interface. The crack spacing ranged from ~10 to ~20 um, and it was similar following
irradiation. Neither unirradiated nor irradiated joints showed any interfacial debonding. Hence,
the joint did not show notable microstructural changes from irradiation in SEM images. Fig. 13
shows cross-section BSE micrographs of the pressure-assisted LPS SiC (slurry and green sheet)
joints after irradiation. No notable microstructural features were found, and no irradiation-
induced cracking or debonding. The distribution of the oxide phases in the green sheet joint was
different among the reference and irradiated specimens, based on a comparison of Fig. 4 and Fig.
13, indicating nonuniform joint microstructure among different specimens.
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Fig. 12 Backscattered electron images of pressureless CA glass ceramic joint (a) unirradiated and
(b) neutron irradiated at 530°C to 20 dpa.
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Fig. 13 Backscattered electron images of pressure-assisted LPS SiC joints neutron irradiated at
530°C to 20 dpa: (a) slurry joint and (b) green sheet joint.

Cross-section BSE images of the unirradiated and irradiated hot-pressed MAX-phase joints
are shown in Fig. 14. The thickness of the bonding layer was near 15 um and varied among
different locations. The bonding layer was highly dense (>95%), and no macroscopic cracks
were found in the unirradiated specimen (Fig. 14a). The irradiated joint showed a microstructure
similar to that of the unirradiated joint: a dense bonding layer and no obvious cracking found
even after neutron irradiation to 20 dpa (Fig. 14b). Irradiation did not cause any interfacial
debonding at the bonding layer or the SiC substrate. SEM observation did not reveal any effects
of neutron irradiation on the joint microstructure. The microstructure of the bonding layer was
further evaluated by TEM. Fig. 15a and b show bright-field STEM micrographs of the
unirradiated and irradiated bonding layers, respectively. TisSiC, and SiC phases were randomly
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distributed, as seen in the EBSD phase map (Fig. 8b). Most of the interface between the two
phases appeared to be intact. In contrast, the interfaces in the irradiated bonding layer showed
cavities at the interface of TisSiC> and SiC. The cavities were not uniform within the specimen.
Fig. 15b represents the most significant case discovered of cavities within an examined area.
Irradiation-induced cracking was not observed in the specimen.

Structural ordering/disordering of the TisSiC. phase was analyzed by high-resolution (HR)
TEM imaging, shown in Fig. 15c¢ and d, since the high-dose radiation effects on this phase were
not clear. Both images were taken near the [11-20] zone axis, as shown in the inserted selected
area diffraction pattern. The unirradiated TisSiC. phase exhibited a relatively ordered lattice, and
features of the stacking of basal planes were clearly seen. The layered structure of the irradiated
TisSiC2 was maintained but was disordered compared with that of unirradiated material. The
selective area diffraction pattern became diffuse after irradiation, which corresponds to the
disordered structure found in the HR-TEM image. This diffuse diffraction pattern indicates
significant disordering of basal planes as reported in [25]. Even with the disordered structure,
preservation of the laminate structure after irradiation is important for operation of nonlinear
fracture behavior of the TisSiC, phase [26]. Studying the deformation behavior is beyond the
scope of this study. Irradiation-induced cavities were not found within the TisSiC, grains. In
summary, the major damage in the irradiated MAX-phase joint was local debonding at the
interfaces of SiC and TisSiC; in the bonding layer. It is worth mentioning that unirradiated
TisSIC, phase exhibited local lattice disordering even after removal of FIB damage by low
energy ion milling (a TEM image of TisSiC> with less disordering can be found in [27,28].).
Therefore, the radiation damage processes may be different from those operating with higher
crystallinity materials studied previously.
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Fig. 14 Backscattered electron images of hot-pressed MAX-phase joints (a) unirradiated and (b)
neutron irradiated at 530°C to 20 dpa.
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Fig. 15 STEM bright-field images of bonding layer of hot-pressed MAX-phase joints (a)
unirradiated and (b) irradiated at 530°C to 20 dpa. HR-TEM images of (c) unirradiated and (d)
irradiated TisSiC. phase in the joint.
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4. Discussion

4.1 Responses of SiC joints to neutron irradiation

The factors influencing radiation effects in the bond zones of SiC joints include changes in
the strengths of the substrate and bonding layers due to irradiation damage. In addition, stress
attributed to a mismatch in dimensional stability (swelling) between substrate and bonding layer
has been reported to affect joint strength [8,9]. Irradiation-induced swelling due to the atomic
displacement damage is common for ceramics [29]. Since SiC itself is known to retain its
strength even after neutron damage to 28 dpa at 300 and 650°C [30], the strength of the
irradiated bonding layer and swelling-induced stresses are the factors to be considered to
understand the irradiation effects.

Regarding the LPS-SiC—based joints, it was expected that swelling-induced stress would be
minimal because of a limited amount of oxide phases, which is typically <10 vol %. The
sensitivity of the strength of sintered SiC ceramics to neutron irradiation varies and depends on
the microstructure. Since SiC grains are expected to retain the strength after irradiation, the
factor is responses of the oxide phases in the LPS SiC to irradiation. Previous studied indicated
importance of the optimization of the secondary phase to be used under irradiation environments;
the strength degraded even after it received some neutron damages because of the instability of
secondary phases in sintered SiC [31-33]. The strength retention of the pressure-assisted LPS-
SiC joints following 20 dpa irradiation indicates that strength of the bonding layer was also
preserved. Contrary to expectations based on the high-dose radiation results, the part of the
pressure-assisted LPS-SiC joints irradiated at 730°C to 2.3 dpa failed without mechanical testing
(Fig. 6). This inconsistency is likely due to deviations in the quality of the joints, rather than an
effect of irradiation, because there is no explanation of the significant effect of a 200°C
difference in the irradiation temperature on the joint strength. The nonuniform microstructure of
these LPS-SiC joints has been reported in our previous study [9]. Such different microstructures
did not cause significant deviation of strength before irradiation. Therefore, the failure of the
joints is expected to occur during irradiation or disassembly of radiation capsule. It was found
that the joints irradiated at 20 dpa were mostly taken from near the center of the as-fabricated
plate, whereas the low-dose specimens were taken from near the edge of the joined plate and the
unirradiated specimens were randomly taken. It is possible that the nonuniformity of
microstructures of the joints was a consequence of the difference in radiation resistance. The
overall results for the LPS-SiC—based joints suggest that the torsion shear strength of this type of
joint is sensitive to microstructure; the strengths of the as-fabricated material varied depending
on the processing (e.g., 319 MPa for the pressure-assisted LPS-SiC [slurry] vs. 114 MPa for the
low-pressure LPS-SiC with CP). In addition, the low-pressure LPS-SiC with CP retained its
strength following irradiation at 730°C to 2.3dpa, although the other two types of joints showed
degradation that was likely due to nonuniform quality of the processing.

The MAX-phase forming joints basically showed a positive response to neutron irradiation;
the Ti diffusion bond, pressureless MAX-phase joint, and SPS MAX-phase joint showed no
significant strength reduction due to irradiation. The common phenomenon among the joints was
cracking or partial debonding within the bond layers during neutron irradiation. One of the
sources of the debonding was likely differential swelling between the SiC substrate and the
bonding layer (mainly TisSiCy), as discussed in previous irradiation studies [8,9]. A typical
indication of this phenomenon is cracks propagating perpendicular to the joint interface, which
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can be explained by larger swelling of the SiC substrate than of the bonding layer. Such
swelling-induced stress results in tensile stress in the bonding layer parallel to the joint interface
and consequently causes vertical cracks. The swelling mismatch among the phases within the
bonding layer is also the reason for the stress buildup and cracking. This is indicated in Fig. 15b,
which shows cavity formation (debonding) at the SiC and TisSiC; interface. It is also possible
that cracking occurred along the grain boundaries of TisSiCp, since each grain exhibited
anisotropic swelling attributed to anisotropic lattice distortion along the a and ¢ axes [34-36].
Therefore, regardless of the processing route and initial microstructure, irradiation-induced
cracking and partial debonding within the bonding layer are challenges for the development of
MAX-phase—based joints.

The pressureless CA glass ceramic joint showed no notable microstructural change in SEM
images taken following irradiation at 530°C to 20 dpa, although previous work on the same joint
type irradiated at 500°C to 3 dpa reported irradiation-induced cracking within the bonding layer
because of the differential swelling between the substrate and the glass phases [8]. It is possible
that the density of the irradiation-induced cracks was insignificant, so obvious microstructural
changes could not be detected because the preexisting cracks and irradiation-induced cracks were
mixed at the time of SEM observation. The strength retention after 20 dpa irradiation suggests
that the CA glass ceramic itself did not exhibit fatal radiation-induced damage.

4.2 Implication of the results for future research direction

The CA glass ceramics joint, pressure-assisted LPS-SiC joints, and hot-pressed MAX-phase
joints did not undergo degradation following high-dose neutron irradiation at 530°C to 20 dpa.
The duration of irradiation was ~350 days. This is apparently the first demonstration that SiC
joints can withstand such a high neutron damage and long-time exposure to neutrons. This
positive result continues to encourage further development of SiC materials for fusion and
advanced fission reactor applications, where the core components will experience high neutron
dose. Further experiments should be done under neutron irradiation with an application-relevant
neutron spectrum when possible, especially for fusion reactor applications, because of the
significant impact of the energy spectrum on transmutation events and displacement damage
rates [37]. Evaluation of irradiation creep of SiC joints is also critical for applications where the
joint is subject to mechanical and/or thermal stresses in service environments. Such stresses can
be a limiting factor for MAX-phase—based joints showing irradiation-induced cracking.

It is expected that fabrication and testing SiC components with joined sections will be a focus
of research in the near future, since we now know that SiC joints can withstand high-dose
neutron irradiation. For example, joining of SiC tubes to end-plugs has recently been
demonstrated for fuel cladding applications [38-41], where joining with minimal applied stress
is required to avoid damage to the SiC tube. Joining of thin plates, which may be required for
fusion reactor applications, is another topic to be studied [4]. The processing requirements
unique to the components will bring opportunities for improvement of joining processes. In
addition, substrate geometry has been shown to affect the joint strength because of different
substrate geometries and different stress states during joining [38]. Another study showed
optimization of substrate geometry enabled successful joining of a SiC composite tube to a
Zircaloy end-cap [39], illustrating that engineering design, in addition to processing
optimization, is required for component fabrication. This kind of engineering effort has been
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limited to SiC nuclear applications. Hence, demonstration of robust joints in components will be
essential in the next step of joining development.

Another focus area in the development of SiC joints will include chemical compatibility with
reactor environments. A fusion reactor blanket may require compatibility of SiC joints with
liquid Pb-Li [42]. Fuel cladding of light water reactors requires hydrothermal corrosion
resistance of materials during normal operation. Such requirements will limit the selection of SiC
bonding layers [43]. Furthermore, the presence of irradiation defects have the potential to
accelerate corrosion behavior, depending on the corrosion environment [44,45], so may limit
options for joining methods and interlayers. The hermeticity of joints may require SiC joints free
of large pores and crack networks. The irradiation-induced cracking found in the MAX-phase—
based joints will be a critical issue when a high level of hermeticity is required for SiC
components. These considerations will require fabrication and testing of components, an advance
beyond only testing plate joints.

5. Conclusions

This study evaluated the response of various SiC joints to neutron irradiation. The findings
are summarized as follows.

e The pressure-assisted LPS-SiC—based joints, hot-pressed MAX-phase joints, and
pressureless CA glass ceramic joint retained their strength after exposure to neutron
irradiation for ~350 days (20 dpa) at 530°C. This demonstration encourages further
development of SiC for nuclear applications.

e The strength of the as-fabricated LPS-SiC—based joints was highly dependent on
processing and microstructure. In addition, the results indicated that nonuniform
microstructures resulted in the joint failures observed after irradiation for both types of
pressure-assisted LPS-SiC joints. The joint produced by low-pressure LPS of cold-
pressed SiC green body retained its strength following irradiation at 480°C to 2.9 dpa and
at 730°C to 2.3 dpa.

e MAX-phase-based joints—including Ti diffusion bond, pressureless MAX-phase bond,
and SPS MAX-phase bond—retained their strength following neutron irradiation at
~500°C to 2.9 dpa and at ~700°C to 2.3 dpa, regardless of the differences in the joint
microstructures. Irradiation-induced cracking was a common damage process, likely
caused by differential swelling between the SiC substrate and the joint phases.

e Processing and evaluation of SiC components fabricated with bonding layers are
suggested for future development, expanding beyond the SiC plate joint methods found
resistant to neutron irradiation.
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