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a b s t r a c t

The international fusion community has designed a miniature torsion specimen for neutron irradiation
studies of joined SiC and SiC/SiC composite materials. Miniature torsion joints based on this specimen
design were fabricated using displacement reactions between Si and TiC to produce Ti3SiC2 þ SiC joints
with SiC and tested in torsion-shear prior to and after neutron irradiation. However, many miniature
torsion specimens fail out-of-plane within the SiC specimen body, which makes it problematic to assign a
shear strength value to the joints and makes it difficult to compare unirradiated and irradiated strengths
to determine irradiation effects. Finite element elastic damage and elasticeplastic damage models of
miniature torsion joints are developed that indicate shear fracture is more likely to occur within the body
of the joined sample and cause out-of-plane failures for miniature torsion specimens when a certain
modulus and strength ratio between the joint material and the joined material exists. The model results
are compared and discussed with regard to unirradiated and irradiated test data for a variety of joint
materials. The unirradiated data includes Ti3SiC2 þ SiC/CVD-SiC joints with tailored joint moduli, and
includes steel/epoxy and CVD-SiC/epoxy joints. The implications for joint data based on this sample
design are discussed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Joining of SiC and SiC-composites has been identified as a
critical technology for the use of these materials in either future
fusion reactors or in fission power reactors [1e7]. The interna-
tional fusion materials community is currently irradiating and
testing several joint types and compositions in the High Flux
Isotope Reactor (HFIR) reactor at Oak Ridge National Laboratory
(ORNL) [1]. Pacific Northwest National Laboratory (PNNL) is
working with Politecnico di Torino (POLITO) and ORNL using
miniature torsion specimens, also referred to as torsion hourglass
samples, that have been specifically designed for joint shear
strength testing using small irradiation volumes (see Fig. 1) [8].
Ceramic joints and joint shear testing have been studied for many
years and several shear joint tests have been designed for
nager).
ceramics and ceramic composites [4,7,9e13]. These include shear
lap tests [14], asymmetric 4-point bend tests [11,15], and double
notch shear tests [16,17]. Each of these tests has some disadvan-
tages; including stress concentrations leading to non-uniform
shear stresses [17e19] that create large uncertainties in shear
strength values. In addition, these test specimens are all quite
large, or conversely are not miniature-type tests, whereas irradi-
ation volumes are small and demandminiature specimen designs.
The miniature torsion geometry, therefore, was designed to pro-
vide a test specimen consistent with small irradiation test vol-
umes associated with in-reactor irradiation testing [3,8,20e24]
and to provide a more consistent shear strength test. The exper-
imental data for some joint configurations revealed excellent data
reliability and reduced data scatter [21,24] for this specimen
design. However, recent high-strength joints fabricated for SiC
and SiC-composites have revealed that this test specimen design
also has some problems [20,22,23], namely out-of-plane fractures
that fail to provide simple shear strength values. Since the mini-
ature torsion test appears to be reliable under certain conditions,
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Fig. 1. The miniature torsion specimen geometry used in this study in schematic form
in (a) and an optical image in (b) with dimensions in mm from Ref. [1].
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but not others, and since this design is ideal for testing many
joints in a small irradiation volume, a mechanical model of this
joint was created to help understand the observed shear failures
under a range of simulated conditions.

The PNNL joints, which are synthesized using displacement
reactions between TiC and Si, are observed to fail out-of-plane, or in
the base SiC material, during torsion testing [1], similar to what
others had observed for high-strength joints [20,22,23]. Most of the
types of joints reported in Ref. [1] exhibited out-of-plane or base
material failures, including the glass ceramic joints from POLITO.
This type of failure within the base material, while encouraging
with regard to joint strength since it implies that the joint is as
strong or stronger compared to the base material, does not allow
accurate comparisons between types of joints, tailored joints, or
failed joints. In particular, post-irradiation joint testing reported in
Ref. [1] clearly showed some issues related to the shear strength
measurement of several different strong joints. Some observations
were consistent with irradiation-induced joint damage and, in the
case of the PNNL displacement reaction joint and of glass-ceramic
(CA) joints, a fracture mode change from base material to in-
plane of the joint was observed that could be interpreted with an
appropriate model [1].

Therefore, this study was undertaken to determine 1) if some
simple modifications to the miniature torsion specimen could be
used to address this problem and 2) if a mechanics-based model
could better quantify the joint failure response. The first step
was to modify the specimen geometry to reduce the joined
surface area of the torsion samples in order to understand the
effects of fracture initiation on the outer annulus versus an inner
annulus and the complex effect of total joint surface area on
fracture. The second step was to create a finite element model
of the miniature torsion specimen with parameters that could
be varied over the wide range of tested materials from POLITO
[3,20,21,24]. This study will also use the model results to discuss
the recent data set obtained at ORNL using the HFIR test reactor
and the pre- and post-irradiation test results from several
joints [1].
2. Experimental

2.1. Miniature torsion specimen and modifications

The standard miniature torsion specimen (Fig. 1) was used for
the majority of the tests reported here, designated as full-bonded
joints and referred to as torsion hourglass samples (THGs).
Reduced area annular joints were made by dimpling one of the
surfaces with either a 2.3 or 3.1-mm diameter diamond slurry drill
and are referred to as reduced-area torsion hourglass samples
(RATHGs).1 These joined samples were fabricated at PNNL (see
below) and tested at POLITO. Separately, THG joints were fabricated
for HFIR testing and those joints have been irradiated and tested at
ORNL and reported in Ref. [1]. No RATHG specimens were prepared
for HFIR testing.

2.2. Joint synthesis

2.2.1. Ti3SiC2þSiC joints
Strong joints between miniature torsion halves of chemical va-

por deposited (CVD) SiC (CVD-SiC) were made using solid-state
displacement reaction joining methods discussed previously
[2,25]. Fully dense joints are processed in pure argon at 1425 �C
(1698 K) for 2 h at either 30 or 40 MPa of applied pressure using
tape cast powders of TiCþSi as a bond layer between the CVD-SiC
halves. Joints were observed to consist of a dual-phase inter-
penetrating microstructure with SiC-platelets interpenetrating
Ti3SiC2 particles with about 40% SiC by area fraction analysis [2].
The joints are strongly bonded at the CVD-SiC/Ti3SiC2þSiC interface
due to the in-growth of SiC from the CVD-SiC during the
displacement reaction processing, which is explained by the CVD-
SiC surfaces being favorable nucleation sites for the SiC-phase
produced during the displacement reaction. Additionally, joining
pressures of 5, 10, and 20 MPa were also used to produce porous
joint test samples in comparison to the fully dense joints from the
higher synthesis pressures of 30 and 40MPa. THG joints weremade
as shown in Fig. 1. A circular dimple of 2.3 or 3.1-mm diameter was
placed in one of the joint halves to create the RATHG samples as
shown in Fig. 2. These joints, both the reduced joining-pressure
joints and the RATHG joints, were created to help understand in
more detail test difficulties that were occurring with the miniature
torsion joint specimens when joint strength is high [1,20,25].

2.2.2. Adhesive epoxy joints
As discussed in Refs. [21,24] THG joints were made using Aral-

dite AV119 epoxy between CVD-SiC and between a Type 316-grade
stainless steel. AV119 was used to bond these materials after
acetone and ultrasonic cleaned surfaces were prepared. The epoxy
was cured for 1 h at 130 �C (403 K) [24]. The torsion tests for these
epoxy-joined THG samples were performed in the same manner as
all the other torsion testing. In addition, simple compressions tests
were performed [21] on cylinders of cured AV119 epoxy to establish
the mechanical properties of this toughened adhesive material
[26,27].

2.3. Ti3SiC2þSiC joint microstructures and porosity

Representative joints synthesized at each of the five joining
pressures were cross-sectioned and examined using optical (OM)
and scanning electron microscopy (SEM). Representative SEM im-
ages of these joints are shown in Fig. 3 for each of the applied
joining pressures. The porosity content as a function of joining
1 RATHG is the same as torsion-ring hourglass samples (TRHG) in Ref. [21].



Fig. 2. Miniature torsion half shown in (a) with 3.1-mm dimple to create annular joining area and shown in (b) is a cross-section of a joint created using a 2.3-mm dimpled half. This
creates an annular joined area for reduced joined area testing as discussed in the text.
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pressure was determined using standard metallographic methods.
Pores in these materials were separated from the dual phase
microstructure based on image contrast and the area fraction
determined. The data for each type of joint is shown in Table 1. The
joint porosity was used to compute an effective elastic modulus
based on the relation

E ¼ E0e
�CVp (1)

where E is Young's modulus, Vp is volume fraction porosity
(measured area fraction), and C is a constant that is equal to 3.57 for
CVD-SiC [28]. Although this equation is used for the joint material
Ti3SiC2þSiC and C for this material is not known we will use the
value of C ¼ 3.57 for these estimates of modulus reduction due to
porosity. The dense Young's modulus for the joint material is esti-
mated to be E0 ¼ 341 GPa and that for dense CVD-SiC is 460 GPa
[28]. From Table 1 it can be seen that the effective joint moduli
range from 340 for a fully dense joint synthesized at 40MPa joining
pressure to 116 GPa for a 5-MPa joint. These data are plotted in
Fig. 4 as effective moduli as a function of joining pressure. These
data will be more meaningful when the joint fracture model is
discussed. Note also that the reduced pressure joints are thicker
than the fully dense joints (Fig. 3).
2.4. Joint testing

Miniature THG and RATHG unirradiated joint tests were per-
formed at POLITO using a universal testing machine (Zwick 100),
where the load was applied using a rotating disk fixture until
fracture occurred. The crosshead speed was 0.5 mm/min with an
estimated rotation speed of about 0.010 rad/min. The torque was
obtained using the force measured at specimen fracture. No stress
concentration factor caused by the curvature radius was used in
this work. Joint failure locations were noted and samples imaged
optically and in an SEM after testing. The torsion testingwas carried
out at ambient temperature and the results are reported in terms of
shear strength with notations as to the location of failure or frac-
ture. Joints that fail by shattering the sample, which happens most



Fig. 3. SEM images of polished Ti3SiC2þSiC/CVD-SiC joint cross-sections for each of the five joining pressures used to fabricate miniature torsion test specimens. Shown in (a) 5 MPa,
(b) 10 MPa, (c) 20 MPa, (d) 30 MPa, and in (e) 40 MPa joining pressure. The corresponding porosity and effective modulus data are shown in Fig. 4.

Table 1
Joint porosity and effective modulus calculations.

Joining pressure (MPa) Measured joint area (%) Total porosity (%) Effective modulus (GPa)

40 e 0 340
30 99 3 308
20 99 9 248
10 99 24 146
5 99 30 116
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often, should be considered as having a strength that is better
defined as the torsion resistance of these joined structures, and
they can be safely used to compare torsional failure resistance of SiC
THGs joined by several different materials. However, the term shear
strength will be used instead of torsion resistance of joined struc-
ture for brevity [1]. The shear strength, or torsional resistance, is
approximated by using Eq. (2), which is valid for single-phase,
linear elastic materials [29] with no stress concentration2:

t ¼ 16T
pd3

(2)
2 Strictly speaking, Eq. (2) should contain a stress concentration factor appro-
priate for the THG geometry as discussed in Ref. [29].
where T is the applied torque at fracture and d is the diameter of the
joined circular region, which is 5 mm for the full bonded joints. For
annular bonded joints, or RATHG joints, the following expression is
used:

t ¼ 16Td

p
�
d4 � d4i

� (3)

where di is the inner annulus diameter. These expressions are used
to approximate the shear strength regardless of the failure location.
It is important to note that the use of Eqs. (2) and (3) provide only
rough approximations of the shear strength of THG specimens with
dissimilar joints [29]. Finite element analysis using a damagemodel
will allow more accurate descriptions of stresses, strains and
damage evolution in the specimen, and therefore will enable more



Fig. 4. Calculated effective joint modulus as a function of applied joining pressure. The
modulus defect is due to porosity, which is a function of joining pressure.
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accurate strength prediction.

3. Model formulation

3.1. Approach

This section summarizes the construction of elastic-damage and
elasticeplastic damage models and computational method for
predicting failure initiation and propagation [30,31] in the joined
specimens. The models consider the joined material, either CVD-
SiC or steel, together with a thin joint region consisting of either
Ti3SiC2þSiC of varying modulus and strength or an epoxy. The
epoxy-bonded steel specimens simulate samples made and tested
at POLITO to help validate the miniature torsion specimen [21,24].
Themodels are constructed by considering damage in elastic and in
elasticeplastic damageable materials that can be described by a
scalar damage variable, D, and can be related to the microcrack
density or microcrack volume fraction, or simply a parameter that
governs the reduction of the elastic stiffness to phenomenologically
quantify the level of damage accumulation in the material [31]. In
this paper these damage models will be used phenomenologically
to simulate fracture in THGs depending on the given material
parameters.

3.1.1. Elastic damage model
Damage affects the material stiffness according to a stiffness

reduction law:

Cijkl ¼ CijklðDÞ (4)

Using the concepts of thermodynamics of continuous media
[31,32], a thermodynamic potential is defined to derive the
constitutive relations and the thermodynamic force (as a conjugate
variable) associated with the damage variable. This damage model
uses the density of the elastic deformation energy as the thermo-
dynamic potential that provides a coupling between damage and
elasticity

F
�
εij;D

� ¼ 1
2
CijklðDÞεijεkl (5)

From the potential in Eq. (5), the constitutive relations and the
thermodynamic force associated with D are obtained as
sij ¼
vF
�
εij;D

�
vεij

¼ CijklðDÞεkl (6)

F ¼ vF
�
εij;D

�
vD

¼ 1
2
vCijklðDÞ

vD
εijεkl (7)

where sij and εij denote the stress and strain tensors, respectively.
As damage is an irreversible process, the Clausius-Duhem
inequality that expresses the total dissipationmust be positive [32].

�F$ _D � 0 (8)

From the inequality in Eq. (8), it is clear that if F < 0, then _D>0:
damage progresses. If F � 0 then _D must be zero, and damage is
stable. Finally, using a damage criterion dependent on a damage
threshold function [33], Fc(D)

f ðDÞ ¼ FcðDÞ � F (9)

the damage evolution law is obtained by the consistency condition:
f ¼ 0 and df ¼ 0

dD ¼
�vCijklðDÞ

vD
εijdεkl

1
2

v2CijklðDÞ
vD

εijεkl �
vFcðDÞ
vD

(10)

If the elastic modulus is assumed to be reduced by damage in a
linear manner, E(D) ¼ E0(1�D) with E0 being the initial elastic
modulus, the damage evolution law in Eq. (10) becomes

dD ¼
vCijklðDÞ

vD
εijdεkl

vFcðDÞ
vD

(11)

Damage evolves with the deformation according to the damage
evolution law until a critical (saturation) state at which D ¼ Dcr
(0 < Dcr < 1) and failure occurs. Dcr is small for brittle materials, and
this is the case for ceramic materials studied in this work. The
occurrence of failure implies that the failed material can no longer
carry loads. In this work, failure at damage saturation (D ¼ Dcr)
leading to crack initiation and propagation is modeled by a van-
ishing finite element technique [34] that reduces the stiffness and
stresses of the failed “integration points” of an element to zero in
number of load steps according to Nguyen et al.'s model [30,35]

n<K : Cfailed
ijkl ¼ CijklðDcrÞ �

nCijklðDcrÞ
K

n � K : Cfailed
ijkl ¼ aijkl

sij ¼ Cfailed
ijkl εkl

(12)

where n is the load step number starting from the step at which
failure occurs, and K is a prescribed constant, which represents the
crack resistance of thematerial. The components of aijkl are taken to
be very small (~10�8 MPa) to represent a vanishing stiffness. The
patterns of failed elements represent propagated cracks.
3.1.2. Elastic-plastic damage model for 316SS steel and AV119 epoxy
316SS and AV119 epoxy exhibit pronounced nonlinear behaviors

controlled by plasticity and damage. Therefore, an elasticeplastic
damage description is used in this work to model the nonlinear
responses of these materials to monotonic loading up to failure.
Specifically, the model used here is from a model used by Nguyen
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and Kunc [36] that describes the elasticeplastic damage behavior of
a thermoplastic matrix in a long-fiber thermoplastic composite. In
this model, the modified RambergeOsgood relation captures the
material nonlinear stress-strain response:

ε ¼ s

Eð1� DÞ þ
s0

E

�
s

s0ð1� DÞ
�n

¼ ~s

E
þ h~s

n
(13)

where D is the isotropic damage variable, s and s0 are the equiv-
alent and reference stresses, respectively. The hardening h is given
by h ¼ s1�n

0 =E where E and n are the elastic modulus and power-
law exponent. The “tilde” symbol denotes an effective quantity
based on the principle of strain equivalence [37]. The equivalent
stress can be expressed in terms of the equivalent plastic strain as:

s ¼ ð1� DÞkðεpÞ1=n (14)

where k ¼ (1/h)1/n is the hardening coefficient. Using the defor-
mation theory of plasticity and assuming proportional loading, an
evolution law for D is sought in terms of stress and plastic strain
quantities. To this end, we use the Lemaitre-Chaboche three-
dimensional damage model in deformation for isotropic hardening
materials [38] that expresses the damage variable increment in
terms of the equivalent plastic strain increment as:

dD ¼ Dc

ε
R
p � ε

D
p

0
@
2
42
3
ð1þ vÞ þ 3ð1� 2vÞ

 
sh

s

!2
3
5dεp

1
A (15)

where ε
D
p and ε

R
p are the equivalent plastic strains at damage initi-

ation and at rupture, respectively, Dc is the value of D at rupture, n is
Poisson's ratio, and sh the hydrostatic stress.

This elasticeplastic damage model was implemented in ABA-
QUS via user subroutines to describe the constitutive behaviors of
the AV119 joint [27] and of the joined 316SS material [39] in the
ABAQUS analyses of THG specimens. The post-failure behaviors are
captured by the same vanishing element method as the one used
with the elastic damage model (Eq. (12)). Table 4 provides the
model parameters identified for these materials used in the
analyses.

3.2. Computational procedure for the elastic damage model

The damage model was implemented in PNNL's EMTA-NLA tool
[40] that functions as a set of user subroutines of ABAQUS®. For the
execution of the damage model, we must determine a priori the
stiffness reduction law, Cijkl(D) in Eq. (4) and the damage threshold
function, Fc(D), whose derivatives with respect to the damage
variable govern the damage evolution law in Eq. (10). For the ma-
terials studied in this work, a linear reduction of the elastic
modulus with the damage variable was assumed, and as a result,
the stiffness reduction law is directly obtained as

Cijkl ¼ C0
ijklð1� DÞ (16)

where C0
ijkl denotes the initial elastic stiffness tensor of the un-

damaged material Cijkl(D) can generally have a more complex
expression than this simple linear relationship. For materials with
distributed damage like microcracks Cijkl(D) can be determined via
micromechanical modeling. The damage threshold function Fc(D)
can be discretely computed for the damage variable values in the
[0,Dcr] interval by means of the thermodynamic force associated
with the damage variable in Eq. (9) and the shear stress-strain data.
The increment of the damage variable is computed in terms of
strains and strain increments using the damage evolution law to
update the damage variable for the current loading. Next, the cur-
rent stresses are computed using the constitutive relations. Damage
can evolve with deformation until reaching saturation character-
ized by D ¼ Dcr for which failure is predicted to occur. Failure is
modeled by the finite element vanishing technique associated with
the failure model described in the previous section in Eq. (12).

3.3. Computational procedure for the elastic-plastic damage model

The elasticeplastic damage model was also implemented in
PNNL's EMTA-NLA tool [40]. The material stress-strain response is
computed incrementally according to:

D~sij ¼ HijklDεkl (17)

where D~sij denotes the effective stress increment [37], Dεkl and Hijkl
are respectively the strain increment, and the tangent stiffness
tensor that is affected by both plasticity and damage. At each
increment, the current tangent modulus is determined from the
modified RambergeOsgood relation as:

Et ¼ E

1þ nE

kðεpÞ1�n=n

ð1� DÞ (18)

The values of the damage variable and of the equivalent plastic
strain at the beginning of the increment are used to compute Et that
is then used to determine Hijkl. The computation of the stress
increment allows the stress to be updated, and therefore, the

effective equivalent stress can be determined by ~s ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3
2~s

0
ij~s

0
ij

q
with

~s0ij being the deviatoric effective stress components. Finally, the
total equivalent strain and equivalent plastic strain are computed
using the modified RambergeOsgood relation (Eq. (13)), and Eq.
(15) is used to calculate the value of the damage variable increment
to update the damage variable. These quantities are saved to start
the next load increment until the damage variable attains the
critical value at rupture. Failure is predicted to occur when D ¼ Dc.
The vanishing element technique combined with the failure model
is then applied to reduce the material stiffness and stress to zero
according to Eq. (12).

4. Results

4.1. Unirradiated torsion tests for Ti3SiC2þSiC joints

Table 2 lists the unirradiated dual-phase Ti3SiC2þSiC displace-
ment reaction joints that were tested and summarizes the results.
Fig. 5 is a graph of the results, including the unirradiated THG joints
tested at ORNL using similar equipment and test parameters as
POLITO. The strong 40 MPa THG joints all fail in the base material
such that the entire THG sample is failed and, thus, any strength
values are considered as torsional resistance values. For the CVD-
SiC material and THG machining conditions used in this study
this shear strength value ranges from 80 to 120 MPa. This is true for
the RATHG joints as well and these base material failures typically
involve fracture of the entire torsion specimen. Fig. 6 shows typical
sample remnants after such failures. Although the THG machining
conditions are not discussed here and are beyond the scope of the
present research, it can be seen from Fig. 3 in Ref. [1] that all the
joined CVD THG samples failed in torsion between 80 and 125 MPa
and (see Table 4, Ref. [1]) the majority of these failed in the base
CVD material, or out-of-plane. This implies that these THG joined
samples machined from CVD-SiC behave similarly and what it is
measured is the torsional resistance of CVD-SiC joined THG,



Table 2
Joint testing summary.a

Joint type Pressure (MPa) Failure mode Test efficiency (joint/total) Shear strengthb (MPa)

Full Bonded 40 Base 0/18 (POLITO) ~80
Full Bonded 40 Base 0/6 (ORNL) 117 ± 10
Full Bonded 30 Base 0/3 (POLITO) 83 ± 16
Full Bonded 20 Base 0/3 (POLITO) 77 ± 5
Full Bonded 10 Base, Joint 2/3 (POLITO) 49 ± 21 (35 ± 10)
Full Bonded 5 Joint 6/6 (POLITO) (37 ± 16)
Reduced (2.3 mm)c 40 Base 0/3 (POLITO) 70 ± 7
Reduced (3.1 mm) 40 Base 0/2 (POLITO) 89 ± 19

a Base refers to fracture of entire sample, Joint refers to fracture in plane in the joint region. Test efficiency refers to the number of in-plane joint failures (Joint) compared to
the total number of tests.

b Numbers in parentheses are the true shear strength for in-plane joint failures.
c Numbers refer to inner diameter.

Fig. 5. Joint strength data for PNNL Ti3SiC2þSiC/CVD-SiC joints (see Fig. 3) combining
ORNL unirradiated dataset with POLITO data as a function of joining pressure or inner
diameter for reduced joining area joints. All joints processed at 1698 K (1425 �C) for 2 h
from the same tape cast lot with the exception of three 5 MPa joints processed an
additional 2 h at 1823 K (1550 �C). There is a transition from base to in-plane joint
failures between 10 and 5 MPa joining pressure.
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independent of the joiningmaterial. It is expected that CVD-SiC will
behave probabilistically in shear as a brittle material with an un-
known flaw distribution in these tests.

For reduced pressure joints it is also observed that base material
failures occur for 30 and 20 MPa applied joining pressures, as
indicated in Table 2 and Fig. 5. However, for 10 MPa and 5 MPa
joining pressures there is a transition from base material failure to
true shear in-plane joint failures. For 10 MPa pressure this does not
Fig. 6. Optical images of fractured Ti3SiC2þSiC/CVD-SiC torsion specimens where the fractur
joint. Both joints are produced using 30e40 MPa of joining pressure that creates a high str
always occur and 1 out of 3 joints fail in the base material in this
study. For 5 MPa pressure all of the joints fail in plane with a shear
strength of 37 ± 16 MPa. Fig. 7 shows a sample of an in-plane joint
failurewith joiningmaterial bonded to either face of the tested THG
CVD-SiC specimen. The experimental data clearly show that weak
joints, such as the 5 MPa and some of the 10 MPa reduced joining
pressure joints, fail in-plane whereas stronger joints, including
those made at 20 MPa joining pressure and higher, only fail in the
base material and do not give reliable joint shear strengths.

4.2. Irradiated joints

As indicated and discussed in Ref. [1] four Ti3SiC2þSiC-joined
THG samples irradiated at 800 �C to 5 dpa were tested in torsion
following irradiation in the HFIR reactor at ORNL. The results of
these tests (see Table 4 and Fig. 3 of Ref. [1]) indicate that the tor-
sion failure mode had changed to in-plane with an average shear
strength of 98 MPa ± 22 MPa compared to a value of
117 MPa ± 10 MPa prior to irradiation. In addition, microcracks
were observed within the dual-phase joint in SEM examinations.
Similarly, several CA-CVD glass-ceramic joints also debonded and
exhibited substantial transverse cracking after irradiation. Shear
strengths for these joints was 115 ± 20MPa prior to irradiationwith
base material failure mode and 93 ± 6 MPa post-irradiation at
800 �C, 5 dpawith a fracturemode transition to in-plane of the joint
[1]. The observation of a change in the failure mode, or fracture
path, is significant and will be addressed in the discussion.

4.3. Epoxy joints

Adhesive epoxy joints prepared in POLITO [21,24] routinely
failed in the plane of the joint for the joined CVD-SiC and steel and a
shear strength of 66 MPa ± 10 MPa for both materials was obtained
e is in the base material. Shown in (a) is a full-bonded joint and in (b) is a reduced area
ength joint.



Fig. 7. Torsion fracture surfaces of 5 MPa Ti3SiC2þSiC/CVD-SiC joining pressure samples. Shown in (a) is an SEM image after testing in POLITO showing the in-plane failure mode
with joining material residue on surface of tested miniature specimen. In (b) is an optical image of a sample tested at PNNL with similar results.
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using the THG geometry and Eq. (2). However, separate compres-
sion testing of the AV119 toughened adhesive epoxy revealed that
this material is not a brittle material, such as the CVD-SiC, and
neither is the steel. In this case, Ferraris et al. [21] suggest that the
reported values of 66MPa shear must be reduced to account for the
plasticity of the AV119 and, thus, arrive at a value of 36 MPa shear
strength for this joint. The model developed here can also be used
to address this issue more accurately by treating the materials via
the elasticeplastic damage model.
Fig. 8. Stress-strain responses considered for shear loading in an elastic damage model
for CVD-SiC and different porosities of Ti3SiC2þSiC joint material, including a brittle
epoxy. See Table 3 for model parameters.
4.4. Results for elastic damage model

The damage models are implemented in ABAQUS® for a finite
element analysis of the THG joint specimen shown in Fig. 1. In order
to investigate specimen failure for different joints, appropriate
material properties of the joint were considered and are reflected
through the assumed shear stress-strain responses up to failure in
the damage models. In addition, typical mechanical properties of
CVD-SiC and nominal steel (316SS) as the joined halves that make
up the THG in the experimentally observed range were assumed.
Damage models have been used to describe microcracking in
ceramicmaterials formany years [41]. The use of a damagemodel is
problematic for a linear-elastic brittle ceramic in tension since,
strictly speaking, a critical flaw in Mode I loading does not expe-
rience any damage accumulation prior to failure, although there are
exceptions to this statement throughout the ceramics literature
[42e44]. We choose to implement the damage model for brittle
ceramics in shear loading. In this case, a flaw underMode III loading
experiences some damage accumulation prior to critical crack
growth due to frictional forces on the crack faces and a non-linear
shear stress-strain curve results [45]. Furthermore, it is understood
that this problem can be addressed using multiaxial loading con-
siderations if a known flaw distribution was available [45e50], but
this is not practicable here. Rather, the damage model approach is
used in a phenomenological sense to address the effects of load
sharing in this complex joined system. The thermodynamic and
continuum damage mechanics (CDM) approach adopted in our pa-
per is phenomenological. It does not describe the detailed frictional
sliding of crack ligaments but the magnitude and effect of shear
damage on the material response are phenomenologically captured
by the damage variable, D, driven by the associated thermodynamic
force, F(D), and the damage evolution law given by Eqs. (10) and
(17), respectively. The damage evolution law depends on the
damage threshold function, Fc(D), a material property that
expresses how resistant to damage the material exhibits until
damage saturation.

Fig. 8 and Table 3 present the mechanical properties in shear
assumed in this parametric study. There are 5 different behaviors
(denoted by case study numbers 1 through 5) considered for the
Ti3SiC2þSiC composite joint differentiated by their calculated
modulus and assumed failure strength. In addition, a similar anal-
ysis was performed for epoxy joined CVD-SiC specimens. The
damage variable value at saturation was taken to be 0.2 for all the
ceramics while it was considered to be 0.4 for the brittle epoxy
(case 6) leading to an epoxy shear strength of 47 MPa and shear
failure strain of 0.0203.

Fig. 9 shows the three-dimensional (3D) finite element model
with assigned material behaviors for the analysis of the THG joint
specimen (Fig. 1). The joint was assumed to be 10microns thick and
was finely discretized. The top and bottom regions of the THG
specimen were modeled assuming elastic CVD-SiC material while
the central region includes the elastic damage CVD-SiC regions



Table 3
Mechanical properties in shear of the CVD-SiC and joint materials assumed for the analysis.

Material Case study no. Shear modulus (GPa) Poisson ratio Shear strength (MPa) Failure strain in shear Damage variable critical value

CVD-SiC e 192 0.2 184 1.2 � 10�3 0.2
Ti3SiC2þSiC (0% porosity) 1 158 0.2 304 2.4 � 10�3 0.2
Ti3SiC2þSiC (3% porosity) 2 143 0.2 274 2.4 � 10�3 0.2
Ti3SiC2þSiC (9% porosity) 3 115 0.2 220 2.4 � 10�3 0.2
Ti3SiC2þSiC (24% porosity) 4 68 0.2 130 2.4 � 10�3 0.2
Ti3SiC2þSiC (30% porosity) 5 54 0.2 103 2.4 � 10�3 0.2
Epoxy (Brittle) 6 3.8 0.3 47 2.0 � 10�2 0.4

Fig. 9. (a) 3D finite element model for the torsion joint specimenwith assigned material behaviors. The torsion loads are shared between the CVD-SiC that is either elastic or elastic-
damage and the thin joint region represented as 10-mm thick and modeled as elastic-damage material. For 316SS and AV119 epoxy materials these regions are modeled using the
elasticeplastic damage method. (b) Contour of the equivalent Mises stresses for Case 1 for an applied rotation angle before the onset of cracking for the entire THG model.
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joined by an elastic damage Ti3SiC2þSiC layer or other joining layer.
The bottom surface (y ¼ 0) of the specimen was completely
fixed (zero-displacements and zero-rotations). Zero-normal
displacement and uniform rotation about the specimen vertical
axis were imposed on the top surface to achieve the torsion loading
about this axis. Fig. 9b shows the computed Von Mises equivalent
stress contours in the entire THG specimen for Case 1 resulting
from the application of the boundary conditions at a loading level
prior to the onset of cracking. The view shows the contours through
a cutting plane perpendicular to the z-axis and clearly shows the
stress distribution in the whole structure with the expected stress
concentration in the fillet neck region of the THG sample. Thus, the
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applied torque is concentrated in the plane of the joint and the
torsion shear stresses are maximum at the outer fillet surface in the
neck region. With increasing torsion loading, stress concentrations
in this region lead to damage and failure of the specimen.

Fig. 10a shows the damage distribution (contour of the damage
variable) in the specimen with the fully dense Ti3SiC2þSiC (case 1)
joint at the initiation of fracture in the THG specimen. This joint
material is slightly less stiff, but slightly stronger than the CVD-SiC
(Table 3). Failure is predicted to occur when the computed damage
attains a critical value. A close examination of the fracture initiation
region (Fig. 10c) reveals that fracture is predicted to occur in the
CVD-SiC and not in the joint since the values of the damage variable
are well below the critical value within the joint layer. Fig. 10c
shows an advanced state of fracture where the failed regions
extended deeper in the CVD-SiC joined materials. The predicted
fracture location, i.e. in the CVD-SiC THG material, agrees well with
experimental fracture observations for this type of strong joint.
These joints are observed to exhibit out-of-plane fracture of the
base CVD-SiC material and this has been documented
[1,3,8,20,22,23] by many others.

Fig. 11a and b show the distributions of shear stresses trt and ttz
in and around the fracture region shown in Fig. 10c (Case 1). These
stresses are expressed in the cylindrical coordinate system rtz with
Fig. 10. (a) Damage accumulation at fracture initiation in the specimen with Ti3SiC2þSiC (cas
joined materials. Shown in (c) is the predicted advanced state of damage and fracture showi
accumulation within the CVD-SiC. This material combination shows fracture initiation and
the z-axis coinciding with the specimen axial direction. These
stresses are the stresses that will fracture this specimen. The
stresses vanish in the completely failed areas and stress concen-
trations move inside the specimen with crack (damage zone)
advance. Stresses trt are antisymmetric about the joint plane as the
torsion via the rotation applied on the specimen top surface is
parallel to the joint plane. Stresses ttz are also important and their
distribution is symmetric with respect to the axial direction and the
joint plane. The other shear stress component trz, and normal
stresses srr, stt, and szz are very small and are not shown here as
their contributions to the material fracture are negligible. Fig. 11c
shows the equivalent Von Mises stress contour resulting mainly
from the contributions of the shear stresses trt and ttz given in
Fig. 11a and b. Fig. 11d shows the deformation energy density
contour corresponding to the stress distributions given in
Fig. 11aec and clearly shows that the deformation energy is accu-
mulated in the CVD-SiC material as damage and fracture mainly
develop in this material, with very little in the joint region. As will
be discussed in more detail below, this is a consequence of load
sharing between the CVD-SiC base material and the joint layer such
that the volume of highly stressed CVD-SiC is significantly larger
than the joint layer and the shear stresses are higher.

Similar analyses were conducted for all the THG joint specimens
e 1) joint, and (b) a snapshot showing fracture initiation at the neck and in the CVD-SiC
ng failure of the joined CVD-SiC materials occurring in the base material due to damage
failure within the CVD-SiC before it occurs in the joint region.



Fig. 11. Contours of (a) shear stress trt, (b) shear stress ttz, (c) equivalent Von Mises stress, and (d) strain energy density causing damage and fracture of Case 1 torsion joint specimen
illustrated in Fig. 10b and c.
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made of the simulated materials listed in Table 3, which are based
on the calculated modulus values listed in Table 1, although the CA-
CVD joints were not analyzed here. In Fig. 12 the most porous
Ti3SiC2þSiC joint (case 5) is shown and the difference between this
predicted result and that shown in Fig. 10 is remarkable. The elastic
damage model now predicts that the THG sample will fail along the
joint line as has been observed (see Fig. 7) during the testing in
POLITO. The predicted failure patterns for all the studied cases are
gathered in Fig.13. Cases 1 and 5 for the Ti3SiC2þSiC joint have been
discussed above. Cases 2 and 3 represent Ti3SiC2þSiC joints made at
30 MPa and 20 MPa applied pressures, respectively, which are
increasingly less stiff than the joined CVD-SiC. For both of these
cases, failure is predicted to initiate in the joint but then develop
into the THG sample resulting in out-of-plan failure. Case 4 for the
10 MPa Ti3SiC2þSiC joint is now only about 1/3 as stiff as the CDV-
SiC and the simulation indicates amixture of failurewithin the joint
and within the THG sample. Experimentally, these 10 MPa joints
sometimes fail within the joint (Fig. 5). Case 5 is predicted to fail
within the joint and experiments confirm this failure mode (Figs. 5
and 7). The simulated brittle epoxy joint (Case 6) always exhibits
in-plane failure. The results illustrated in Fig.13 predict that there is
a joint-to-CVDeSiC modulus and/or strength ratio belowwhich the
fracture mode switches from out-of-plane failure to in-plane fail-
ure, which is in agreement with our observations as shown in
Table 2 and Fig. 5.
4.5. Results for elastic-plastic damage model for 316SS and AV119

As recognized by Ferraris et al. [21] the toughened adhesive
epoxy AV119 is not a brittle material but behaves as an
elasticeplastic material and, therefore, must be treated accordingly.
Fig. 14 and Table 4 together with the elasticeplastic damage model
provide the necessary tools to address this issue. The results of the
elasticeplastic damage model simulations of the 316SS and AV119
epoxy stress-strain curves shown in Fig. 14 demonstrate the ability
of this model to capture the nonlinear stress-strain behaviors of
these materials caused by plasticity coupled with damage.

In addition to using an elasticeplastic damage model, the joint
thickness was modified to more closely simulate the work per-
formed in POLITO. Fig. 15 shows the predicted failure locations for a
50-mm thick AV119 joint between CVD-SiC and 316SS. The CVD-SiC
is treated elastically as before but in this case the AV119 and 316SS
are treated using the elasticeplastic model. Themodel results agree
with the experimental torsion tests, namely, that the THG speci-
mens fracture in the plane of the joint when bonded using AV119
adhesive epoxy regardless of the THG specimen material. These
results are expected to be more accurate and realistic than treating
the epoxy as a brittle joining material.
5. Discussion

5.1. Model predictions and comparisons

The damage models were created to help understand the frac-
ture results from the THG specimens that exhibited non-planar
fracture that was not truly reflective of joint properties. Rather,
the literature refers to this data as “torsional shear resistance” of
the THG [1,3,8,20,22,23] when the THG specimen fails in the base
material, or out-of-plane. The critical part of the damage models
was to be able to simulate the stress-strain curves for the



Fig. 12. (a) Damage accumulation at fracture initiation in the specimen with the most porous Ti3SiC2þSiC (case 5) joint made using 5 MPa of joining pressure. Shown in (b) is a
snapshot showing fracture initiation along the joint line. Shown in (c) is the predicted advanced state of damage showing failure of the porous joint material due to damage
accumulation within the joint. This material combination shows fracture initiation and failure within the joint region.
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constitutive materials; otherwise the models would not be
reasonable. The curves shown in Fig. 8 using the data in Table 3
capture the material elastic constants as well as the failure
strengths and are reasonable assumptions. In addition, the stress-
strain responses computed by the elasticeplastic damage model
shown in Fig. 14 correctly capture the stress-strain behavior of both
the 316SS steel and AV119 epoxy. The accuracy of the THG damage
modeling is predicated on the accuracy of the individual constitu-
ent's stress-strain data and, even though this model data is not
completely precise, the results from carefully applying the model
are expected to show the desired effects.

Themodels, both the elastic damage and elasticeplastic damage
approaches, capture the key observations, namely that there is a
transition from planar to non-planar fracture over a range of elastic
moduli and strength values. High strength and high moduli mate-
rials are predicted to fail out-of-plane and within the base THG
material, whereas low modulus materials fail in the plane of the
joint. Intuitively, it is anticipated that low modulus epoxy will
behave differently compared to high modulus Ti3SiC2þSiC or CA
glass-ceramic in terms of load sharing with the CVD-SiC base ma-
terial. In fact, one thought (gedanken) experiment is to imagine the
entire miniature torsion specimen machined from a single piece of
CVD-SiC and then to predict where it will fail. Probabilistic brittle
fracture mechanics predicts that it will fail somewhere in the
specimen that contains a combination of the largest flaw and the
highest tensile/shear stresses, which will not necessarily coincide
with the central plane of the torsion specimen. Thus, a high
strength, high modulus joint may not fail in the plane of the joint
either. As shown in Figs. 10 and 11 load sharing with the CVD-SiC
forces a majority of the damage for high modulus joints to occur
within the base CVD-SiC material and failure is predicted to occur
out-of-plane of the joint. However, this load sharing is a function of
the constitutive behavior (i.e., modulus, stress-strain response, etc.)
differences between the joint and base THG material. The model
predicts a high degree of load sharing and CVD-SiC damage for a
joint modulus greater than about 200 GPa and aminimal amount of
load sharing with highly localized (planar) fracture for moduli
100 GPa and lower (Fig. 13). This is in good agreement with the
observed experimental data for the THG joints tested at POLITO
(Fig. 5).

Fig. 16 shows the computedmaximum shear stresses at the neck
of the specimen and in a plane perpendicular to the specimen
vertical axis for all the cases studied in this work. The maximum
shear stress is highest (104 MPa) for the specimen with the
Ti3SiC2þSiC stiffest and strongest joints, cases 1, 2, and 3. Cases 4
and 5 have shear strengths that are smaller than this and, in the



Fig. 13. Predicted fracture patterns (red regions) using an elastic damage model for the THG joint specimens made of different joint materials with mechanical properties listed in
Table 3. Cases 1, 2, and 3 fail within the CVD-SiC base material (out-of-plane), while case 4 sometimes fails within the joint (see Fig. 5). Case 5 always fails in the joint region. Case 6
shows results from the brittle epoxy simulation, which also fails within the joint without exception. See Fig. 11 for stress distributions for Case 1. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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simulation, reflect the shear strength of the joint. In addition, the
predicted failure strengths in shear shown in Fig. 16 match quite
well with measurements from ORNL and POLITO [1,20]. The ORNL
data for the unirradiated Ti3SiC2þSiC joints indicated a torsional
shear resistance value of 117 MPa ± 10 MPa, which agrees well with
the model prediction of 104 MPa [1]. It is noted that this predicted
strength value follows from the CVD-SiC damage model deter-
mined from the assumed CVD-SiC mechanical properties. Thus, the
model predicts that the torsion test will fail in the CVD-SiC material
and that the torsional shear resistance of the sample will be
104 MPa because that is the predicted shear strength of the CVD-
SiC simulated here. This failure stress could be increased if stron-
ger base material was provided. Note that the NITE materials tested
in Ref. [1] fail at much higher shear strengths compared to the CVD-
SiC and this is attributed to the higher shear strength of the NITE
SiC. However, the main point is that for certain material combina-
tions the THG test will fail at the shear strength limit of the base
material and will not provide information regarding the shear
strength of the joint material. This is observed in the THG testing
and is predicted by the elastic damage model.

The epoxy joined data from POLITO is more complex. Results
indicate a shear fracture strength of 36 MPa, which agrees well with
the model prediction of about 38MPa3 for the brittle epoxy material
3 Personal Communication from Prof. M. Ferraris of Politecnico di Torino. They
used AV119 Epoxy with an elastic modulus of 2.8 GPa and Poisson ratio of 0.4. They
obtained accurate, in-plane shear failures for all tests and a shear strength of
36 MPa ± 8 MPa.
(Case 6 and Fig. 16a). In this case, where the epoxy modulus is only a
fraction of the CVD-SiC or 316SS the fracture path is in the plane of
the joint in the epoxy material. Thus, this test will measure a true
shear stress value. However, since AV119 toughened adhesive epoxy
is not a linear elastic brittle material, the elastic damagemodel is not
appropriate and an elasticeplastic damage model was developed
based on mechanical property data for AV119 and 316SS as dis-
cussed. This model predicts a shear failure strength of 28 MPa for a
50-mm thick joint region of AV119 (Fig. 16a and b), which is less than
the POLITO calculated value of 36 MPa but is in agreement with the
measured asymmetric 4-point bending for epoxy-joined SiC [21].
However, Ferraris et al. also report a value of 66 MPa ± 10 MPa for
AV119-joined THG CVD-SiC specimens where the shear strength is
calculated using Eq. (2), which is inappropriate as discussed in
Ref. [21]; rather it is suggested that this value be reduced and a value
of 36 MPa is suggested as a more accurate value, which is in general
agreement with the results here of 28 MPa. It is also noted that this
prediction is based solely on the accuracy of the assumedmechanical
properties of AV119 adhesive epoxy taken from Ref. [27]. Since the
strength of AV119 depends on the curing time and temperature, etc.,
the value determined by the elasticeplastic model here might differ
from other AV119 data. However, the approach developed here is a
much-improved methodology for analyzing miniature torsion test
results in the future.
5.2. Data interpretation and torsion test future

Since themodel predicts that high strength, highmodulus joints



Fig. 14. Predicted and experimental stress-strain responses for (a) 316SS [39] and (b)
AV119 epoxy [27] (see Table 4 for model parameters).

Table 4
Parameters of the elasticeplastic models identified for 316SS and AV119.

Materials E (MPa) s0 (MPa) n n ε
D
p ε

R
p Dc

316SS 193,000 150 0.3 4.3 0.02 0.42 0.7
AV119 3200 110 0.34 3 0 0.01 0.45

Fig. 15. Predicted fracture patterns using an elasticeplastic damage model for the
AV119 adhesive epoxy and for 316SS. Shown in (a) is the predicted fracture for CVD-SiC
joined with AV119 where the epoxy is elasticeplastic and the CVD-SiC is elastic. Shown
in (b) is the case for both materials obeying the elasticeplastic damage model for
316SS joined with AV119 epoxy. In all cases the failure occurs within the epoxy joint.
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will likely not fail so as to provide a true shear strength for the
joints then an obvious point of discussion is what to make of the
miniature torsion test? First, the THG specimen is ideal for small-
volume, in-reactor experiments and provides a vehicle for obtain-
ing valuable microstructural evolution data for experimental joints.
The THG specimen can still provide microstructural evolution
leading to differential strains, environmental exposures, and radi-
ation damage. This became clear in the HFIR data recently obtained
at ORNL [1]. In that respect, the miniature THG specimen is a suc-
cessful design.

Second, changes in joint strength or moduli due to radiation
damage can be revealed during post-irradiation joint testing. It is
worth noting that the Ti3SiC2þSiC joints survived after 800 �C
(1073 K) and 5 dpa but that the torsion failure location changed
from CVD-SiC base material failure to in-plane joint failure as noted
in Ref. [1]. This suggests that a major change occurred in the joined
specimens and post-irradiation microscopy revealed a degree of
interface cracking and microcracking within the joint material. This
is thought to be due to either thermal expansion or swelling mis-
matches between the joint material and the CVD-SiC and/or within
the dual-phase joint material. A similar argument can be advanced
for the CA glass-ceramic joints. Thus, both shear strength and shear
failure location can be used to help understand joining for fusion
materials. The role of the model in this understanding can be to
guide experimental data interpretation by allowing various pa-
rameters to be controlled and varied. It is important to realize that
many of these parameters can also be independently quantified so
that the model can be refined as needed.



Fig. 16. Graph showing the predicted maximum shear stresses at fracture in (a) for all damage model simulations compared to experimental data. The numbers in red refer to the
ratio of the modulus of the joint material to that of CVD-SiC. Shown in (b) is the predicted evolution of the maximum in-plane shear stresses with applied rotation angle for the
elasticeplastic AV119 cases from Fig. 15. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The in-reactor irradiation results from ORNL also display a fail-
ure mechanism that is not included in the model yet, namely, the
failure of the joint/CVD-SiC interface. Both the Ti3SiC2þSiC joints
and the CA glass-ceramic joints exhibited some form of interface
fracture located at the joint/CVD-SiC interface. The model here
assumes a strongly bonded interface between the joint and CVD-
SiC and no evolution of that bond is allowed in the FE model.
Future model implementations will treat the interface as a separate
material region with an identifiable strength.

The torsion shear test is an example of a seemingly simple
mechanical test that is, in reality, a complex multiaxial loading
problem and methods exist to address these problems in terms of
strengths and failure probabilities [45e50]. For future reference, if
flaw distributions were known for CVD-SiC and for the joint ma-
terials, plus flaws at the joint/CVD-SiC interface, then a true
multiaxial, probabilistic solution to the THG specimen could be
implemented. However, such an approach is outside of the scope of
this study and would be extremely challenging to implement given
the complex materials involved in these prototypical fusion reactor
joints since determining the actual flaw distributions would be a
difficult task. Still, the transition from out-of-plane, base CVD-SiC
failure to in-plane joint failures that was observed in the post-
irradiation testing of these joints most likely indicates a change in
the joint flaw distribution due to the irradiation exposure. Signifi-
cantly, new flaws were observed in post-irradiation SEM exami-
nations of these joints [1].

Finally, it is noted that for a THG specimen previously subjected
to neutron irradiation, the experimentally determined irradiated
elastic properties can be used to compute the initial elastic stiffness
of the irradiated material, and knowing thermal expansion co-
efficients and the temperature change right after irradiation, ther-
mal stresses can be computed that represent the residual stresses
before anymechanical actions (i.e., applied torsion loading). Exactly
the same kind of finite element analysis of the THG specimen
subjected to torsion loading can be applied here to elucidate how
important the contribution of residual stresses is on the onset of
cracking, crack propagation, and shear strength of the irradiated
THG specimen. This manuscript does not address the effects of
residual stress or the effects of neutron damage, such as differential
swelling leading to irradiation-induced stresses, even though it is
anticipated that these will be significant, since at this time these
effects are not known with certainty for any of these joined ma-
terial combinations. This level of detail can certainly be imple-
mented in the model presented here but will be reserved for a
future study.
6. Conclusions

Miniature torsion specimens, referred to as THG specimens,
often fail within the joint body or out-of-plane of the joint plane
when the THG material is a ceramic, such as CVD-SiC, and the joint
is strong. This study developed elastic and elasticeplastic damage
models that demonstrated that for awide range of joint moduli and
strengths that out-of-plane failure is predicted in agreement with
observations until the modulus of the joint material falls below
about 1/3 of the CVD-SiC modulus. Themodel indicates that out-of-
plane fracture is due to load sharing between the joint material and
the CVD-SiC causing high shear stresses to develop within the neck
region of the THG CVD-SiC (or other ceramic) that surpass its shear
strength. Since these fractures are probabilistic in nature, there is
no guarantee that failures will occur within the plane of a joint for
strong, stiff ceramic or glass-ceramic joints. In fact, since the highly
stressed volume of the THG base material is much greater than the
volume of the joint material this almost guarantees that for strong,
stiff joints failure will occur within the joined ceramic base mate-
rial. This finding is documented by many such tests with
Ti3SiC2þSiC joints that are stronger and almost as stiff as CVD-SiC
THG material. Without exception, out-of-plane failure modes
were observed for these joints tested in torsion when the base
material was CVD-SiC. Joints with intentionally introduced porosity
also failed out-of-plane until the joint modulus, which is reduced
by the porosity, became less than about 1/3 of the CVD-SiC
modulus. At that point in-plane shear failures were observed.
However, these results notwithstanding, miniature torsion THG
specimens can still be useful for identifying joint degradation
following in-reactor radiation damage by observing either fracture
mode changes or observable microstructural changes. The use of
THG specimens for true joint shear strength measurements is
problematic, however. The elastic and elasticeplastic damage
models appear to be useful methods that can provide valuable in-
sights into the THG fracture behavior.
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