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MODELING MINIATURE TORSION TESTS—C.H. Henager, Jr., B.N. Nguyen, R.J. Kurtz, T. 
Roosendaal, and B. Borlaug (Pacific Northwest National Laboratory, Richland, WA, USA); M. Ferraris and 
A. Ventrella (Politecnico di Torino, Torino, Italy); and Y. Katoh (Oak Ridge National Laboratory, Oak 
Ridge, TN, USA) 
 

OBJECTIVE 

The results of torsion shear tests, examinations of joint failures, and mechanics models are presented to 
rationalize observed torsion test results and to help formulate a path forward with joint testing and 
analysis for nuclear SiC materials. 

SUMMARY 

The use of SiC and SiC-composites in fission or fusion environments appears to require joining methods 
for assembling systems. The international fusion community has designed miniature torsion specimens 
for joint testing and for irradiation in HFIR. Therefore, miniature torsion joints were fabricated using 
displacement reactions between Si and TiC to produce Ti3SiC2 + SiC joints with CVD-SiC that were 
tested in shear prior to and after HFIR irradiation. However, these torsion specimens fail out-of-plane, 
which causes difficulties in determining shear strength for the joints or for comparing unirradiated and 
irradiated joints. A finite element damage model has been developed that 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. The 
implications for torsion shear joint data based on this sample design are discussed. 

PROGRESS AND STATUS 

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 [1-11]. 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 and ORNL using miniature torsion specimens 
(hourglass samples) that have been specifically designed for pre- and post-irradiation joint shear strength 
testing (see Figure 1) [12]. The PNNL joints, which are synthesized using displacement reactions 
between TiC and Si, fail out-of-plane, or in the base CVD-SiC material, during torsion testing. Therefore, 
this study was undertaken to determine if some simple modifications to the miniature torsion specimen 
could be used to fix this problem. The first step was to reduce the joined surface area of the torsion 
samples by dimpling one of the surfaces with either a 2.3 or 3.1-mm diameter dimple using a diamond 
slurry drill. The samples were fabricated at PNNL and tested at Politecnico di Torino. 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 damage materials [13]. The CDM model was 
implemented in the ABAQUS

®
 finite element code via user subroutines. Comparative analyses of the 

torsion joints using ABAQUS
®
 and the damage model were conducted considering typical mechanical 

properties of CVD-SiC and different mechanical behaviors of the joint material manifested through the 
assumed stress/strain responses up to failure. Such analyses are very valuable to help understand the 
conditions for failure in the joint and/or in the CVD-SiC and provide guidance to make improved joints. 
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Figure 1. Torsion joint specimen geometries and dimensions (in mm). 

Experimental 

Joint Synthesis 

Strong joints between miniature torsion halves of CVD-SiC were made using solid-state displacement 
reaction joining methods discussed previously [2, 14, 15]. Joints are processed at 1425˚C (1698 K) for 2h 
at either 30 or 40 MPa of applied pressure during the 2-hour joining process. Joints were observed to 
consist of a dual-phase interpenetrating microstructure with SiC-platelets interpenetrating Ti3SiC2 
particles with about 40% SiC by area fraction analysis. The joints are strongly bonded at the CVD-SiC- 
Ti3SiC2/SiC 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. 

As will be discussed in more detail below, joining pressures of 5, 10, and 20 MPa were also used to 
produce test samples in addition to the higher pressures of 30 and 40 MPa. Full-bonded joints were made 
in which the full 5-mm diameter joint half was bonded to produce full-bonded miniature torsion samples at 
these varying pressures. In addition, circular dimples of 2.3 or 3.1-mm diameter were created in one of 
the joint halves so that, for these cases, an annular bond was created with correspondingly reduced 
bonded surface area. These joints, both the reduced joining-pressure joints and the reduced joined-area 
joints, were created to help troubleshoot test difficulties that were occurring with the miniature torsion joint 
specimens when joint strength is high. 

Joint Microstructures and Porosity 

Representative joints synthesized at each of the five joining pressures were cross-sectioned and 
examined using OM and SEM. The joints were analyzed for porosity content using standard 
metallography methods of counting separate phases based on contrast differences. Pores in these 
materials were separated from the dual phase microstructure based on image contrast and the area 
fraction determined and the information for each type of joint is shown in Table 1. The joint porosity 
content was then used to compute an effective elastic modulus based on the relation 

       
     (1) 

where E is Young’s modulus, Vp is volume fraction porosity (area fraction), and C is a constant that is 
equal to 3.57 for CVD-SiC [16]. Although this equation is used for the joint material Ti3SiC2/SiC and C for 



Fusion Reactor Materials Program June 30, 2014  DOE/ER-0313/56 – Volume 56 
 
 

81 
 

this material is not known we will use the value of C = 3.57 for these estimates of modulus reduction due 
to porosity. The dense Young’s modulus for the joint material is estimated to be E0 = 341 GPa and that for 
dense CVD-SiC is 460 GPa [16]. From Table 1 it can be seen that the effective joint moduli range from 
340 for a fully dense joint synthesized at 40 MPa joining pressure to 116 GPa for a 5-MPa joint. These 
data are plotted in Figure 2 as effective moduli as a function of joining pressure. These data will be more 
meaningful when the joint fracture model is discussed. 

Table 1. Joint Porosity and Effective Modulus Calculations 

Joining Pressure 
(MPa) 

Measured Joint Area 
(%) 

Total Porosity 
(%) 

Effective Modulus 
(GPa) 

40 - 0 340 

30 99 3 308 

20 99 9 248 

10 99 24 146 

5 99 30 116 

 

 

Figure 2. Calculated effective joint modulus as a function of applied joining pressure. The modulus defect 

occurs due to porosity, which is also shown as a function of joining pressure. 

Joint Testing (Politecnico di Torino) 

Miniature torsion joint tests were performed at Politecnico di Torino by Prof. M. Ferraris and her co-
workers using a universal testing machine (ZWICK 100), where the load was applied until fracture 
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occurred. The torsion load was applied using a rotating disk fixture. The crosshead speed was 0.5 
mm/minute with an estimated rotation speed of about 0.010 rad/minute. 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 the SEM 
after testing. Samples were photographed at PNNL prior to testing in Torino. The torsion test apparatus 
used in Torino is shown in Figure 3 

     

 (a) (b) 

Figure 3. Torsion testing setup at Politecnico di Torino for the miniature joint testing program. Shown in 

(a) is the test apparatus and in (b) is a close-up image of a sample in the tester grips prior to testing. 

Joints were tested in torsion at ambient temperature and the results are reported in terms of shear 
strength with notations as to the location of failure or fracture. Joints that fail by shattering the sample, 
which happens most 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 hourglasses joined by several different materials. However, the term shear strength will be used 
instead of torsion resistance of joined structure for brevity [1]. The shear strength (torsional resistance) is 
found by using Eq. 2. 

   
   

    (2) 

where T is the applied torque and d is the diameter of the joined circular region, which is 5 mm for the full 
bonded joints. For annular bonded joints, or reduced area joints, the following expression is used: 

   
   

       
  

 (3) 

where di is the inner annulus diameter. 

Table 2 lists the joints that were tested and summarizes the results. Figure 4 is a graph showing some of 
the results, including some of the unirradiated full-bonded joints tested at ORNL using similar equipment 
and test parameters as Torino. The full-bonded joints all fail in the base material where the entire sample 
is failed and, thus, any strength values are considered as torsional resistance values. For the CVD-SiC 
material and machining condition used in this study this strength value is about 80 to 120 MPa. This is 
true for the reduced area joints as well and these base material failures typically involve fracture of the 
entire torsion specimen. Figure 5 shows some sample remnants after such failures.  
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Table 2. Joint Testing Summary
1
 

Joint Type 
Pressure 

(MPa) Failure Mode 
Test Efficiency 

(Joint/Total) 
Shear Strength

2
 

(MPa) 

Full Bonded 40 Base 0/18 (Torino) ~ 80 

Full Bonded 40 Base 0/6 (ORNL) 117 ± 10 

Full Bonded 30 Base 0/3 (Torino) 83 ± 16 

Full Bonded 20 Base 0/3 (Torino) 77 ± 5 

Full Bonded 10 Base, Joint 2/3 (Torino) 49 ± 21 (35 ± 10) 

Full Bonded 5 Joint 6/6 (Torino) (37 ± 16) 

Reduced (2.3 mm)
3
 40 Base 0/3 (Torino) 70 ± 7 

Reduced (3.1 mm) 40 Base 0/2 (Torino) 89 ± 19 

 

 

Figure 4. Joint strength data combining ORNL unirradiated dataset with Torino 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. There is a transition from base to in-plane joint failures between 10 
and 5 MPa joining pressure. 

For reduced pressure joints it is also observed that base material failures occur for 30 and 20 MPa 
applied joining pressures. However, for 10 MPa and 5 MPa applied joining pressures there is a transition 
from base material failure to true shear in-plane joint failures. For 10 MPa pressure this does not always 
occur and 1 out of 3 joints fail in the base material. For 5 MPa pressure all of the joints fail in-plane and 

                                                      
1
 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. 
2
 Numbers in parentheses are the true shear strength for in-plane joint failures. 

3
 Numbers refer to inner diameter. 
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have a shear strength of 46 ± 10 MPa. Figure 6 shows a sample of such a failure with joining material 
bonded to either face of the tested miniature torsion specimen. 

   
 (a) (b) 

Figure 5. Optical images of fractured specimens where the fracture is in the base material. Shown in (a) 
is a full-bonded joint and in (b) is a reduced area joint. Both joints are produced using 30 to 40 MPa of 
joining pressure that creates a high strength joint. All such failures for tested miniature torsion specimens 
occur in the base material. 

   
 (a) (b) 

Figure 6. Torsion fracture surfaces of 5 MPa joining pressure samples. Shown in (a) is an SEM image 
after testing in Torino 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. 

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. 
Rather, the torsion strength measured when the base material fails is best described as the torsion shear 
resistance of the miniature joined specimen [1]. 
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Model Formulation 

Approach 

 )(DCC ijklijkl   (4) 

Using the concepts of thermodynamics of continuous media [17, 18], a thermodynamic potential is 
defined to derive the constitutive relations and the thermodynamic force (conjugate variable) 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 

 klijijklij DCD  )(
2

1
),(   (5) 

From the potential in Eq. 5, the constitutive relations and the thermodynamic force associated with D are 
obtained as 
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where ij and ij denote the stress and strain tensors, respectively. As damage is an irreversible 

process, the Clausius-Duhem inequality that expresses the total dissipation must be positive [1] 

 0.  DF   (8) 

From inequality in Eq. 8, it is clear that if 0F , then 0D : damage progresses. If 0F then D  must 

be zero, and damage is stable. Finally, using a damage criterion dependent on a damage threshold 

function, )(c DF  

 FDFDf  )()( c  (9) 

the damage evolution law is obtained by the consistency condition: 0f  and 0d f  
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If the elastic modulus is assumed to be reduced by damage in a linear manner, )1()( 0 DEDE   with E
0
 

being the initial elastic modulus, the damage evolution law in Eq. 10 becomes 
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Damage evolves with the deformation according to the damage evolution law until a critical (saturation) 

state at which )10( crcr  DDD and failure occurs. crD  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 ( crDD ) leading to crack initiation 

and propagation is modeled by a vanishing finite element technique [19] that reduces the stiffness and 
stresses of the failed “integration points” of an element to zero in number of load steps according to the 
Nguyen et al.’s model [13, 20] 
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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 the material. The components of ijkl are taken to be 

very small (~10
-8

 MPa) to represent a vanishing stiffness. The patterns of failed elements represent 
propagated cracks. 

Computational Procedure 

The damage model was implemented in PNNL’s EMTA-NLA tool [21] that functions as a set of user 
subroutines of ABAQUS

®
. The User Material option of ABAQUS

®
 must be selected for analyses using the 

damage model. For the execution of the damage model, we must determine a priori the stiffness 

reduction law, )(DCijkl  in Eq. 4 and the damage threshold function, )(c DF  whose derivatives with 

respect to the damage variable govern the damage evolution law in Eq. 10. For the materials 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: 

 )1(0 DCC ijklijkl   (13) 

where 
0

ijklC  denotes the initial elastic stiffness tensor of the undamaged material. )(DCijkl  can generally 

have a more complex expression than the simple linear relationship. For materials with distributed 

damage like microcracks, )(DCijkl  can be determined via micromechanical modeling. The damage 

threshold function )(c DF  can be discretely computed for the damage variable values in the [0, crD ] 

interval by means of the thermodynamic force associated with the damage variable in Eq. 9 and the 
uniaxial stress/strain data. The increment of the damage variable is computed in term strains and strain 
increments using the damage evolution law to update the damage variable for the current loading. Next, 
the current stresses are computed using the constitutive relations. Damage can evolve with the 

deformation until reaching the saturation state characterized by crDD and at which failure is predicted 
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to occur. Failure is modeled by the finite element vanishing technique associated with the failure model 
described in the previous section in Eq. 12. 

Results 

Model Results 

The damage model was used in the ABAQUS
®
 finite element analysis of the torsion joint specimens 

shown in Figure1 In order to investigate the specimen failure including conditions for crack initiation and 
propagation for different types of joints ranging from much stronger to much weaker than the CVD-SiC, 
different mechanical behaviors of the joint were considered and were reflected through the assumed 
stress/strain responses up to failure. In addition, typical mechanical properties of CVD-SiC in the 
experimentally observed range were assumed. Figure 7 and Table 3 present all the mechanical 
properties assumed in this parametric study. There are 3 different behaviors (named 1, 2, and 3) 
considered for the Ti3SiC2/SiC composite. In addition, the analysis was also performed for an epoxy joint 
specimen. 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 epoxy leading to the epoxy strength of 120 MPa and failure strain of 0.02 that 
are achievable values for a structural epoxy. 

Table 3. Mechanical properties of the CVD-SiC and joint material assumed for the analysis. 
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Figure 7. Uniaxial stress/strain responses considered for the CVD-SiC and different types of joint 

material. 

Figure 8 shows the three-dimensional (3D) finite element model with assigned material behaviors for the 
analysis of the torsion joint specimen illustrated in Figure 1 The joint was 10 microns thick and finely 
discretized. The top and bottom regions of the specimen were modeled assuming elastic CVD-SiC 
material while the central region includes the elastic damage CVD-SiC parts joined by an elastic damage 
Ti3SiC2/SiC layer. The bottom surface 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. 

 

Figure 8. 3D finite element model for the torsion joint specimen with assigned material behaviors. 
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Figure 9 (a) shows the damage distribution (contour of the damage variable) in the specimen with the 
Ti3SiC2/SiC (1) joint at the initiation of fracture that happened at the neck. This joint material is less stiff 
but is much stronger than the CVD-SiC (Table 3). Failure occurred when the damage attained the critical 
value. A close examination of the fracture initiation region (Figure 9 (b)) reveals that fracture occurred in 
the CVD-SiC and did not happen in the joint where the values of the damage variable were well below the 
critical value. (Figure 10) shows an advanced state of fracture where the failed regions extended deeper 
in the CVD-SiC joined materials. The predicted fracture location agrees well with the experimental 
fracture observation for this type of very strong joint that exhibits out of plane fracture. 

 

Figure 9. (a) Damage accumulation at fracture initiation in the specimen with Ti3SiC2/SiC (1) joint, (b) a 

snapshot showing fracture initiation at the neck and in the CVD-SiC joined materials. 

 

 

Figure 10. Predicted advanced state of damage and fracture showing failure of the joined CVD-SiC 

materials occurring in the base material due to damage accumulation within the CVD-SiC. 
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Figure 11. Predicted fracture patterns (red regions) for the torsion joint specimens made of different joint 

materials with mechanical properties listed in Table 3. 

Similar analyses were conducted for the torsion joint specimens made of the materials listed in Table 3. 
The predicted failure patterns for all the studied cases are gathered in Figure 11 Case 1 for the 
Ti3SiC2/SiC (1) joint has been discussed above. Case 2 is related to the Ti3SiC2/SiC (2) joint that is 
weaker and less stiff than the joined CVD SiC materials. For Case 2, failure is predicted to initiate in the 
joint but then develop into the joined materials resulting in out-of-plan failure. Case 3 for the Ti3SiC2/SiC 
(3) joint that is much weaker and less stiff than the CDV-SiC develops in-plane failure. The epoxy joint 
(Case 4) also exhibits in-plane failure. The results illustrated in Figure 11 suggests that there is a joint-to-
CVD SiC modulus and/or strength ratio below which the fracture mode switches from out-of-plane failure 
to in-plane failure. 

Figure 12 shows the predicted evolutions of the maximum 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 Ti3SiC2/SiC (1) joint (Case 1). 
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Figure 12. Predicted evolution of the maximum in-plane shear stresses with the applied rotation angle for 
the material cases studied here and shown in Table 3. 

Discussion 

Model Predictions and Comparisons 

The damage model was created to be able to help understand the fracture results from the miniature 
torsion specimens that clearly exhibited a transition from planar to non-planar fracture (joint to base 
material fracture). A critical part of the damage model was to be able to model the stress-strain curves for 
the constitutive materials. The curves shown in Figure 7 using the data in Table 3 are very reasonable 
assumptions for this approach and capture the material elastic constants as well as the failure strengths. 
The accuracy of the model is then predicated on the accuracy of the stress-strain data and, even though 
this model data is not completely precise, the expected results from carefully applying the model are 
expected to show the desired effects. Namely, is there a transition from planar to non-planar fracture for a 
range of elastic moduli and strength values? Intuitively it is anticipated that low modulus epoxy will 
behave much differently compared to high modulus Ti3SiC2/SiC in terms of load sharing with the CVD-SiC 
base material. In fact, one thought (gedanken) experiment at the extreme of this type of thinking is to 
imagine the entire miniature torsion specimen machined from a single piece of CVD-SiC and then to try to 
predict where it will fail. Probabilistic brittle fracture mechanics tells us that it will fail somewhere in the 
specimen that contains a combination of the largest flaw and the highest tensile stresses, which will not 
necessarily coincide with the central plane of the torsion specimen. Thus, a high strength, high modulus 
joint may not either. As is shown in Figure 11 load sharing with the CVD-SiC forces the highest damage 
to occur within the base CVD-SiC material and failure is predicted to occur out-of-plane of the joint. 

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 10). This is in good agreement with the observed experimental data for the 
joints tested at Torino. In addition, the predicted failure strengths in shear match quite well with 
measurements from ORNL and Torino. The ORNL data for the unirradiated Ti3SiC2/SiC joints indicated a 
torsional shear resistance value of 117 GPa ± 10 GPa, which agrees well with the model data of 104 
GPa. The epoxy joined data from Politecnico di Torino indicates shear fracture strength of 36 MPa, which 
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agrees well with the model prediction of about 35 GPa
4
. In fact, this is a great strength of the model that 

predicts quite accurate shear strength failures for CVD-SiC based on assumed tensile stress-strain data. 

Data Interpretation and Torsion Test Future  

Since the model predicts that high strength, high modulus joints will likely not fail in such a manner 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 miniature torsion specimen is ideal for in-reactor experiments and will still 
provide a vehicle for obtaining valuable microstructural evolution data for experimental joints for fusion. 
The specimen can still help us deal with both microstructural evolution leading to differential strains, 
environmental exposures, and radiation damage differentials. This became clear in the HFIR data 
recently obtained at ORNL [1]. 

Second, changes in joint strength or moduli due to radiation damage can still be revealed during post-
irradiation joint testing. It is worth noting that the Ti3SiC2/SiC joints survived after 800˚C (1073 K) and 5 
dpa but that the torsion shear failure location changed from base material failure to in-plane joint failure 
as noted in Ref. [1]. This suggests that a major change had 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 mismatches between the joint material 
and the CVD-SiC. 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 parameters 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. 

The HFIR results from ORNL also display a failure mechanism that was not included in the model yet, 
namely, the failure of the joint/CVD-SiC interface. The model here assumed a strongly bonded interface 
between the joint and CVD-SiC and there was no evolution of that bond allowed. Future model 
implementations will treat the interface as a separate material region with an identifiable strength. 

Future Work 

The model will be improved to treat joint/base material interfaces and model parameters will be adjusted 
to match more closely to experimental mechanical property data. Torino has performed several calibration 
studies of the miniature torsion specimens and this calibration data will be shared with PNNL so that the 
model can be improved accordingly.  
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