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OBJECTIVE

Mechanics damage models have been developed to match torsion experiments involving elastic and
elastic-plastic materials and to help formulate a path forward with joint testing and analysis for SiC
materials in nuclear environments. This report extends the analysis from the last reporting cycle by
including plots of stress fields and strain energy density fields and by limiting the model to shear damage.

SUMMARY

The international fusion community designed miniature torsion specimens for joint testing and irradiation
in test reactors with limited irradiation volumes since SiC and SiC-composites used in fission or fusion
environments require joining methods for assembling systems. Torsion specimens fail out-of-plane when
joints are strong and when elastic moduli are comparable to SiC, which causes difficulties in determining
shear strengths for many joints or for comparing unirradiated and irradiated joints. A finite element
damage model was developed to treat elastic joints such as SiC/Ti;SiC,+SiC and elastic-plastic joints
such as SiC/epoxy and steel/epoxy. The model uses constitutive shear data and is validated using epoxy
joint data. The elastic model indicates fracture is likely to occur within the joined pieces to 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. Lower modulus epoxy joints always fail in plane and provide
good model validation.

PROGRESS AND STATUS
Introduction

The international fusion materials community is currently irradiating several joint types and compositions
in the HFIR reactor at ORNL [1]. PNNL is working with Politecnico di Torino (POLITO) and ORNL using
miniature torsion specimens (hourglass samples) that have been specifically designed for pre- and post-
irradiation joint shear strength testing [2]. Many of the joints fail out-of-plane, or in the base CVD-SiC
material, during torsion testing, but some do not. To elucidate how and where cracks can initiate and
propagate in the torsion joint specimens, finite element analyses of these specimens subjected to torsion
were performed using a continuum damage mechanics (CDM) model previously developed at PNNL for
elastic materials for which any nonlinearity in stress/strain response is due solely to damage and not to
other irreversible processes such as plasticity [3]. The CDM model was implemented in the ABA us®
finite element code via user subroutines. Comparative analyses of the torsion joints using ABAQUS"™ and
the damage model were conducted considering typical mechanical properties in shear of CVD-SiC and
different mechanical behaviors of the joint material using assumed shear stress/strain responses up to
failure. Since SiC/epoxy and steel/epoxy joints were used to validate the miniature torsion specimen
design, a CDM elastic-plastic model is included.

Model Formulation
Approach

This section summarizes the damage model and method for predicting crack initiation and propagation [3-
5] in the joined CVD-SIC or steel material together with a thin joint region consisting of either Ti;SiC,/SiC
of varying modulus and strength or a hypothetical brittle epoxy and an elastic-plastic epoxy. Considering
damage in an elastic and damageable material, for which any nonlinearity in stress/strain response is due
solely to damage and not to other irreversible processes, can be described by a scalar variable, D, that
can be related to the microcrack density or microcrack volume fraction, or simply a parameter to
phenomenologically quantify the level of damage accumulation in the material [4]. Damage affects the
material stiffness according to a stiffness reduction law. Using the concepts of thermodynamics of
continuous media [4, 6], a thermodynamic potential is defined to derive the constitutive relations and the
thermodynamic force associated with the damage variable. This damage model uses the density of the



elastic deformation energy as the thermodynamic potential that provides a coupling between damage and
elasticity. A damage criterion dependent on a damage threshold function is defined and the damage
evolution law is obtained. Damage evolves with the deformation according to the damage evolution law
until a critical (saturation) state at which D=D_, (0< D, <1) and failure occurs. D, is small for brittle

materials, and this is the case for ceramic materials studied in this work. In this work, failure at damage
saturation (D=D, ) leading to crack initiation and propagation is modeled by a vanishing finite element

technique [7] that reduces the stiffness and stresses of the failed element to zero [3, 8].

We choose to implement the damage model for brittle ceramics in shear loading (Figure 1a). In this case,
a flaw under Mode Il 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 [9]. Furthermore, it
is understood that this problem can be addressed using multiaxial loading considerations if a known flaw
distribution was available [9-14], but that 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 CDM approach adopted 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.

As discussed in Refs. [15, 16] miniature torsion joints were made at POLITO using Araldite AV119 epoxy
between CVD-SIiC and a 316-grade stainless steel. The epoxy was cured for 1 h at 130°C [15]. The
torsion tests for these samples were performed in the same manner as all the other torsion testing. In
addition, simple compression tests were performed [16] on cylinders of cured AV119 epoxy to establish
the mechanical properties of this toughened adhesive material [17, 18]. Materials such as 316SS and
AV119 epoxy exhibit pronounced nonlinear behaviors controlled by plasticity and damage. Therefore, an
elastic-plastic damage description is used in this work to model the nonlinear responses of these
materials to monotonic loading up to failure [19]. This elastic-plastic damage model was implemented in
ABAQUS via user subroutines to describe the constitutive behaviors of the AV119 joint [18] and of the
joined 316SS material [20] in the ABAQUS analyses of torsion specimens. Figs. 1b-c show the uniaxial
stress/strain curves of 316SS and AV119 captured by this elastic-plastic damage model.

RESULTS
Model Results

The damage models are implemented in ABAQUS® as a finite element analysis of the miniature torsion
joint specimen. In order to investigate specimen failure for different types of joints, different material
properties of the joints 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 in the experimentally observed range were assumed. Figure 1
and Table 1 present the mechanical properties assumed in this parametric study. There are 5 different
behaviors (denoted by case study numbers 1 through 5) considered for the TisSiC,/SiC composite joint
differentiated by their calculated modulus and assumed failure strength. In addition, a similar analysis was
performed for two epoxy joined CVD-SIiC and steel 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 strength of 120 MPa and failure strain of 0.02 and 0.48 for an elastic-plastic epoxy
(AV119, case 7) with a strength of 80 MPa at 0.05 failure strain [15, 16, 18].

Damage analyses were conducted for all the torsion joint specimens made of the simulated materials
listed in Table 1, which are based on the calculated modulus values for the various joints with differing
amounts of porosity. The predicted failure patterns for all the studied elastic cases are gathered in Figure
2. Computed stress and strain fields, along with the strain energy density field, for Case 1 are shown in
Figure 3 to illustrate fields that are not related to the damage model. Cases 1 and 5 for the Ti3SiC,/SiC
joint represent the extreme cases for the most dense joint in Case 1 and the least dense joint in Case 5.
The failure location changes from within the CVD-SIC joined materials (Case 1) to within the joint plane
(Case 5). Cases 2 and 3 represent Ti;SIC,/SIC joints made at 30 MPa and 20 MPa, 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 SiC sample resulting in out-of-plan failure. Case 4 for the 10 MPa



TisSIC,/SIiC joint is now only about 1/3 as stiff as the CDV-SIC and the simulation indicates a mixture of
failure within the joint and within the sample. Experimentally, these 10 MPa joints sometimes fail within
the joint and sometimes within the CVD-SIC. Case 5 is predicted to fail within the joint and experiments
confirm this failure mode. The brittle epoxy joint (Case 6) also always exhibits in-plane failure.
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Figure 1. Shear and uniaxial stress/strain responses considered for (a) an elastic damage model for
CVD-SIiC and different types of joint material, including a brittle epoxy, (b) an elastic-plastic damage
model for 316SS [20] and (c) an elastic-plastic damage model for AV119 epoxy [18]. See Tables 1 and 2
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Table 1. Mechanical properties of the CVD-SiC and joint material assumed for the analysis.

Material Case Shear Poisson Shear Failure Damage Variable
Study Modulus Ratio Strength | Strain in Critical Value
No. (GPa) (MPa) shear
CVD-SiC - 192 0.2 184 1.2x 107 0.2
TisSiC,+SiC (0% 1 158 0.2 304 2.4x10° 0.2
porosity)
Ti;SiC,+SiC (3% 2 143 0.2 274 2.4x10° 0.2
porosity)
TisSiC,+SiC (9% 3 115 0.2 220 2.4x10° 0.2
porosity)
TisSIC,+SIC (24% 4 68 0.2 130 2.4x10° 0.2
porosity)
TigSIC,+SIiC (30% 5 54 0.2 103 2.4x10° 0.2
porosity)
Epoxy (Brittle) 6 3.8 0.3 47 2.0x 10% 0.4




Table 2. Parameters of the elastic-plastic models identified for 316SS and AV119.

Materials E (MPa) o,(MPa) v n 5pD EpR D,
316SS 193000 150 0.3 4.3 0.02 0.42 0.7
AV119 3200 110 0.34 3 0 0.01 0.45

Figure 2. Predicted fracture patterns (red regions) using an elastic damage model for the torsion joint
specimens made of different joint materials with mechanical properties listed in Table 1. Cases 1, 2, and
3 fail within the CVD-SiC base material (out-of-plane), while case 4 sometimes fails within the joint. 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.
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Figure 3. Contours of (a) shear stress Ty, (b) shear stress Ty, (C) equivalent Von Mises stress, and (d)
strain energy density causing damage and fracture of Case 1 torsion joint specimen.

As recognized by Ferraris et al. [16] the toughened adhesive epoxy AV119 is not a brittle material but
behaves as an elastic-plastic material and, therefore, must be treated accordingly. Figures 1b-c and
Table 2 together with the elastic-plastic damage model provide the necessary tools to address this issue.
In addition to using an elastic-plastic response, the joint thickness in the model was modified to more
closely simulate the work performed in Torino. Figure 4 shows the predicted failure locations for a 50-um
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 elastic-plastic model developed here. The model results
validate what the torsion testing observed, namely, that the torsion specimens fracture in the plane of the
joint when bonded using AV119 adhesive epoxy regardless of the specimen material.
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Figure 4. Predicted fracture patterns using an elastic-plastic 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 elastic-plastic and the SiC is elastic. Shown in (b) is the case for both materials obeying the
elastic-plastic damage model for 316SS joined with AV119 epoxy. In all cases the failure occurs within
the epoxy joint.

Discussion
Model Predictions and Comparisons

The damage models were created to help understand the fracture 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, 2, 21-24] 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 constitutive materials; otherwise the models would not be reasonable. The shear
stress-strain curves shown in Figure l1a using the data in Table 1 capture the material elastic constants as
well as the failure strengths and are reasonable assumptions. In addition, the stress-strain responses
computed by the elastic-plastic damage model shown in Figures 1b and c 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 constituent’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.

The models, both the elastic damage and elastic-plastic 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 materials 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 Ti3SiC,+SiC or CA
glass-ceramic in terms of load sharing with the CVD-SIC base material. 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. 2 and 3 load
sharing with the CVD-SIiC 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 a minimal amount of load sharing with highly localized
(planar) fracture for moduli 100 GPa and lower (Figure 2). This is in good agreement with the observed
experimental data for the THG joints tested at POLITO (Figure 5).

Figure 5a shows the computed maximum shear stresses for all the cases studied in this work. The
maximum shear stress is highest (104 MPa) for the specimen with the Ti;SiC,+SiC stiffest and strongest
joints, cases 1, 2, and 3. Cases 4 and 5 have shear strengths that are smaller than this and, in the
simulation, reflect the shear strength of the joint. In addition, the predicted failure strengths in shear
shown in Figure 5a correlate with measurements from ORNL and POLITO [1, 21]. The ORNL data for the
unirradiated Ti;SiC,+SIiC joints indicated a torsional shear resistance value of 117 MPa + 10 MPa, which
agrees with the model prediction of 104 MPa [1]. It is noted that this predicted strength value follows from
the CVD-SIiC damage model determined from the assumed CVD-SIiC 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. Note that the NITE materials tested in Ref. [1] fail at 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 combinations 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.

The epoxy joined data from POLITO is more complex. Results indicate a shear fracture strength of 36
MPa, which agrees with the model prediction of about 38 MPa' for the brittle epoxy material (Case 6 and
Figure 5a). 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 and provides a true shear stress value. However,
since AV119 toughened adhesive epoxy is not a linear elastic brittle material, the elastic damage model is
not appropriate and an elastic-plastic damage model was developed based on mechanical property data
for AV119 and 316SS as discussed. This model predicts a shear failure strength of 28 MPa for a 50-um
thick joint region of AV119 (Figs. 5a and 5b), 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 [16]. However,
Ferraris et al. also report a value of 66 MPa = 10 MPa for AV119-joined THG CVD-SIiC specimens where

the shear strength is calculated using t = k=L where T is the applied torque and d is the minimum

nd3’

! 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.



radius at the fillet of the miniature torsion specimen, and k was set to 1. However, as discussed in
Timoshenko and Goodier [25] this equation is only strictly valid for linear elastic homogeneous bodies, not
for elastically dissimilar bodies, and k for the miniature torsion specimen is not equal to 1. In addition,
applying this equation for elastic-plastic materials is inappropriate as discussed in Ref. [16]; 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 FE model results presented here of 28 MPa. This model prediction
is based solely on the accuracy of the assumed mechanical properties of AV119 adhesive epoxy taken
from Ref. [18], however the strength of AV119 depends on the curing time and temperature, etc., so that
the value determined by the elastic-plastic model here might differ from AV119 experimental data.

Data Interpretation and Torsion Test Future

Since the model predicts that high strength, high modulus joints 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
obtaining valuable microstructural evolution data for experimental joints. The THG specimen can still
provide microstructural evolution leading to differential strains, environmental exposures, and radiation
damage. This became clear in the HFIR data recently obtained at ORNL [1]. In that respect, the miniature
THG specimen is a successful design.

Second, changes in joint strength or moduli due to radiation damage can be revealed during post-
irradiation joint testing. The Ti;SiC,+SiC joints survived after 800°C (1073 K) and 5 dpa but 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 interface cracking and microcracking within the joint material. This is thought to be due to either
thermal expansion or swelling mismatches between the joint material and the CVD-SiC and/or within the
dual-phase joint material. Thus, both shear strength and shear failure location can be used to help
understand joining for fusion materials. The model can guide experimental data interpretation by allowing
various parameters to be controlled and varied. Many of these parameters can be independently
guantified so that the model can be refined as needed.

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 [9-14]. For future reference, if flaw distributions were known for CVD-SIiC and for the joint
materials, plus flaws at the joint/CVD-SIiC 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 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. Significantly, new flaws were observed in post-irradiation SEM
examinations 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 coefficients, thermal stresses can be computed that represent
the residual stresses before any mechanical actions (i.e., applied torsion loading). Exactly the same kind
of FE analysis of the THG specimen can be applied 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 material combinations. This level of detail can certainly be implemented in the model presented
here but will be reserved for a future study.
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Figure 5. Shown in (a) is the predicted maximum shear stress at fracture for all damage model
simulations together with experimental data. Shown in (b) is the predicted evolution of the maximum in-
plane shear stresses with applied rotation angle for the elastic-plastic AV119 cases from Figure 4.

Future Work

The in-reactor irradiation results from ORNL display a failure mechanism that is not included in the model
yet, namely, the failure of the joint/CVD-SIC interface. Both the TisSiC,+SiC joints and the CA glass-
ceramic joints exhibited interface fractures located at the joint/CVD-SIC interface. The model assumes a



strongly bonded interface between the joint and CVD-SIiC and no evolution of that bond is treated in the
FE model. Future model implementations will treat the interface as a separate material region with an
identifiable strength.
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