
Ab s t r Ac t
Ceramic vacuum feedthroughs are an inevitable requirement for any vacuum system, which requires electrical feedlines 
to be inserted into the vacuum environment. These feedthroughs consist of metal-ceramic-metal transition and, therefore, 
require the brazing process as a joining technique. This process allows joining two base materials, i.e., Alumina and Kovar, 
for this case, which manifests different thermo-mechanical response. The difference between the coefficient of thermal 
expansion (CTE) of these materials causes the development of residual stresses during the cooling phase of the brazing 
process. Such residual stresses, if not addressed properly, can lead to the failure in the brazed joint even before the design 
limits. The purpose of this study is to assess these stresses by performing the thermo-mechanical analysis of the brazing 
process of ceramic-metal assembly through finite element analysis (FEA) technique. This study includes the assessment of 
non-linear behavior (due to temperature-dependent material properties) of Alumina and Kovar assembly. Further, X-ray 
diffraction (XRD) based residual stress measurement technique has been utilized to validate the FEA results. The paper 
shall present the FEA methodology (model, boundary condition, and results) followed by the experimental results and 
their comparison. 
Keywords: Alumina, Brazing, Ceramic feedthroughs, CTE, Kovar, Residual stresses, Thermo-mechanical analysis, Vacuum, 
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In t r o d u c t I o n

Ceramic vacuum feedthroughs are essential requirements 
for machines, like ITER,1 where the electrical penetrations 

from air to high vacuum environments are a necessity. Such 
feedthroughs are subjected to high vacuum, high voltage, and 
high radiation (neutron and gamma) environment. Because 
of these hostile environments, ceramic feedthroughs are to 
be manufactured with quality to withstand the requirements. 
However, to mount/connect these feedthroughs, metallic 
transitions are needed at both ends of the ceramic material, 
as shown as an example in Figure 1.

To join ceramic and metal for making a hermetic seal, a 
vacuum brazing technique2,3 is used. Joining of dissimilar 
materials using brazing introduces residual stresses in the 
assembly due to the fact of the differential coefficient of 
thermal expansion. Therefore, the thermo-mechanical 
characterization of the brazed joint is an essential parameter 
to be established to ensure safe and sound design. 

In this paper, the FEA of Alumina-Kovar brazed sample 
is carried out for the brazing process with brazing alloy as 

TiCuSil. The brazed sample is analyzed only for the cool 
down cycle of the brazing process as during the heating 
cycle of the brazing, all parts are free to expand as they 
are not constrained. When the brazed joint is cooled down 
from the solidus temperature of the braze alloy to the room 
temperature, there are significant stresses developed at 
the joint since the interface is constrained due to bonding. 
For the realistic results, temperature-dependent non-linear 
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material properties and plasticity behavior of brazing alloy 
are taken into consideration as plastic behavior of brazing 
alloy is expected to relax the stresses. For experimental 
validation of the FEA results, the sample of the same material 
was manufactured following the same thermal cycle, and the 
residual stresses were assessed using XRD. 

FI n I t e el e m e n t An A lys I s (FeA) 
mo d e l A n d no n-l I n e A r mAt e r I A l 
Pr o P e r t I e s

Problem Setup in ANSYS
For the simulation, the cylindrical butt joint of Alumina, Kovar, 
and brazing alloy (TiCuSil) is used, as illustrated in Figure 2. 

Due to cylindrical geometry, a 2D planar axisymmetric model 
is created in ANSYS. To capture the plasticity effect, brazing 
alloy, 100 microns thickness, sandwiched between Alumina 
and Kovar disks is modeled. The condition of axisymmetric 
ensures a very less number of mesh elements, and so the 
calculation time, without compromising the accuracy or 
calculation efficiency by the software, as compared to the 
complete 3D model.

Meshing of Finite Element (FE) Model
Mesh is composed of quadrilateral elements. Biasing is given 
to the mesh to have high mesh density, as shown in Figure 3, 
of elements at the interface location to capture the details of 
the thin braze alloy layer (which is merely 100 microns thick). 
Two-dimensional structural plane elements “PLANE 183” are 
used to perform the analysis, which has the axisymmetric 
feature to accommodate the requirement. As the analysis is 
performed for the cooling cycle only, the contacts between 
Kovar, the braze alloy, and Alumina are considered bonded 
with the plasticity behavior of the brazing alloy.

Non-Linear Material Properties
To predict the residual stresses quantitatively, it is important 
to incorporate the temperature-dependent non-linear 
material properties of all the parts used in the assembly 
into the FEA model. In this case, 780°C (braze alloy solidus 
temperature) to ambient is the temperature range considered 
for the study. 

The material properties of the ceramic disk are as per 
99.5% high purity alumina4 in the study. The Alumina is 
considered to be linear elastic1# with Young’s modulus 
of 400GPa and a Poisson’s ratio of 0.24 in the model. The 
temperature-dependent CTE of Alumina is shown in Figure 4.

Kovar (a trademark of CRS Holdings, Inc., Delaware) is a 
nickel-cobalt-ferrous alloy, which was originally designed to 
meet the requirement for a sound glass to metal seal required 
in electronic devices and high voltage insulators. As shown 

1#Linear elastic: linear stress-strain failure at all strains; no plasticity

Figure 3: Meshed FE model

Figure 2: Finite element (FE) model geometry

Figure 1: Few examples of brazed electrical ceramic feedthroughs 
used in ITER-DNB system (all dimensions are in mm)
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in Figure 4, the CTE of Kovar matches the CTE of Alumina 
up to ~400°C. Afterward, there is a significant expansion 
differential with the Alumina. Therefore, detailed data points 
of CTE to capture the transitional behavior are included in the 
FEA. For the analysis, the Kovar alloy is modeled as an elastic 
material with Young’s modulus of 138 GPa and a Poisson’s 
ratio of 0.317.5

The brazing alloy, TiCuSil, is considered to be perfectly 
plastic. A rate-independent constitutive plasticity theory6 is 
used for brazing alloy with non-linear isotropic hardening 
rule with associated Von-Mises yield criteria. The brazing 
material is included in the model because its plastic behavior 
tends to relieve some of the internal stresses in the brazed 
joint during the cooling phase. Bilinear isotropic hardening 
data,7 used in the analysis, are shown in Figure 5.

An A lys I s se t t I n g s A n d loA d s
The implemented simulation methodology consists 
of  an isothermal cool- down load step approach 
(e.g., 780°C → ambient), as shown in Figure 6. The zero strain 
temperature for the FEA is assigned as 780°C as shown in 
Figure 7. This assignment of boundary condition ensures no 
residual strain would be present in the brazed joint during 
the start of cool down. The assembly is then allowed to cool 

down isothermally to the room temperature. The isothermal 
approximation can be discerned as the assembly is having 
high thermal diffusivity and small size. As the brazing material 
causes non-linearity in the analysis, therefore non-linearity 
attributes are used for the solution. 

Frictionless support is provided at the bottom of the 
assembly, as shown in Figure 8. This 2D geometry is in the 

Figure 7: Boundary conditions and loads

Figure 6: Load steps from 780°C to ambient

Figure 5: Bilinear isotropic hardening data for TiCuSil

Figure 4: Instantaneous coefficient of thermal expansion for Alumina 
and Kovar

Figure 8: ANSYS result of the assembly
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Figure 13: ANSYS result for Kovar part

Figure 12: Linearization of stresses for ceramic

Figure 11: ANSYS result for ceramic part

Figure 10: Linearization of stresses for brazing material

Figure 9: Residual stresses vs. time plot

XY plane, where Y is the axis of symmetricity, and hence, it is 
allowed to expand or contract in XY plane on the frictionless 
support.

Fe A re s u lts 
The simulation implies that the maximum tensile stress of 
449.7 MPa is generated in the brazed part of the assembly, 
as shown in Figure 9. Due to high non-linearity involved at 
the corner of the brazed junction, as the material properties 
are changing significantly, stress concentration is observed.

The maximum residual stresses developed in the FE 
model changes with time, as shown in Figure 10. It can be 
observed from the graph that the slope of residual stresses 
has three distinctive zones. Zone 1 shows a steep rise in the 
residual stresses until 4.4 seconds. In zone 2, the residual 
stresses are dipping whereas, in zone 3, residual stresses 
start increasing again but at a slower pace. This behavior of 
steep rise, dipping, and increment at a slower pace again can 
be understood from the CTE graph of Kovar and Alumina, in 
which it can be seen that the CTE values have big mismatch 
for zone 1, close match of CTE in zone 2, and relatively less 
mismatch in zone 3.

To check the membrane and bending stresses, developed 
in the model, linearization of the stresses is carried out. The 
linearization result for brazing material is shown in Figure 11. 
Membrane stress is 362 MPa, and the maximum bending 
stress is 21.7 MPa. 

In ceramic material, maximum tensile stress is 328.87 MPa, 
and maximum compressive stress is 131.78 MPa, as shown 
in Figure 12. 

Linearization of the result for the ceramic material is 
checked, and the results are shown in Figure 13. Membrane 
and membrane plus bending stresses are 5.6 and 21.96 MPa, 
respectively.

In Kovar the maximum tensile stress generated is 
84.8 MPa, and the maximum compressive stress is 93.9 Mpa, 
as shown in Figure 14.
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Figure 14: Thermal cycle for the brazing process

Am e r I c A n so c I e t y o F me c h A n I c A l 
en g I n e e r s co d e (Asme) 
VA l I dAt I o n o F t h e re s u lts
The results of residual stresses are verified with the ASME 
code.8 In the ASME code, stresses are mainly divided into two 
categories primary stresses and secondary stresses. 

In this case, where thermal loading is applied, metallic 
parts will be subject to secondary stresses only. The allowable 
stress limit for the secondary stresses is:

             (1)
Where, Q is the secondary stress, which consists of the 

secondary membrane (Qm) and the bending (Qb) stresses, 
in the metal part and Sm is the allowable membrane stress 
of the material.

Whereas, in the ceramic material, which is a brittle 
material that does not undergo the plastic deformation, all 
the stresses developed are considered as primary stresses, 
and hence the limit is taken the same as used for comparison 
of primary stresses.
The stresses for different parts are summarized in Table 1 
and found within the allowable limit. For metals, the 
results comply with ASME, whereas for non-metallic parts, 
the allowable limit is considered with respect to flexural 
strength,9 and factor of safety (FOS) = 5 is adopted for the 
allowable stresses.

sA m P l e mA n u FAc t u r I n g 
Alumina and Kovar disks of dimensions 20 mm diameter and 
10 mm height of each were prepared. A foil of TiCuSil was 

placed in between the Alumina and Kovar disks. Brazing of 
Alumina Kovar sample was carried out in the vacuum brazing 
furnace using the thermal cycle, as shown in Figure 15. The 
test sample was brazed successfully without any visual 
surface cracks in the hoop direction, as shown in Figure 16.

re s I d uA l st r e s s me A s u r e m e n t 
us I n g Xrd
Two techniques for residual stress measurement are 
identified. They are (1) X-ray diffraction (XRD) method, and 
(2) drilling hole strain gauge method (ASTM E 837-08). In this 
work, the XRD technique of residual stress measurement is 
used, which works on Bragg’s law. In this method, the elastic 
strain is measured using Bragg’s law, and calculation of the 
stress is done with Hooke’s law together with the elastic 
modulus (E) and Poisson’s ratio (v).

For the measurement, Xstress 3000 G2 machine from 
Stresstech, as shown in Figure 16, is used for the analysis. 
This is a portable, versatile machine that is used for residual 
stress measurement in the material. It measures the absolute 
stress without the need for an unstressed sample for  
calibration.

The sin2 Ψ technique10 of surface residual stress 
measurement using XRD is used. In this technique, interplanar 
distance “d” in a lattice is measured at different “Ψ” tilts, 
which is the angle between the normal of the surface and 
the incident and diffracted beam bisector, of the sample. 
Using the interplanar lattice spacing and multiple Ψ tilts 
data, a straight line is fitted by the least-squares regression, 
and the stress is calculated from the slope of the best fit line 
using Eq. 2.

           (2)
Where, σØ is stress in the sample at an angle Ø from the 

principal stress, E is Young’s modulus of the material, ϑ  is 
Poisson’s ratio, h, k, and l are Miller indices, dØ0 is lattice 

Table 1: Stress results in different parts of the assembly

Member
Membrane 
(MPa)

Membrane + 
bending (MPa)

Allowable limit 
(MPa)

Alumina 5.6 21.96 74

Brazing alloy 365.14 394.18 542

Kovar 36.4 72.9 516 Figure 15: Brazed Alumina-Kovar sample
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spacing at Ø and 0° tilt angle, and dØΨ is lattice spacing at 
Ø and Ψ tilt angle.

The machine parameters used for the experiment are 
provided in Table 2. 

The measurements at the sample are carried out at two 
spots. One is at 2 mm, and another is at 5 mm from the 
brazed junction in the Kovar material. The results of measured 
residual stresses are provided in Table 3. 

The experimental and FEA results show the percentage 
deviation of 9.3 and 15.5% at 2 and 5 mm spots, respectively, 
which indicates the close compliance of both approaches. 
The minor difference between the values of FEA and XRD 
could be attributed to (1) the differences in the material 

properties used from literature for the analysis and the 
material properties of actual materials used for XRD, 
(2) practical limitation of the exact marking of 2 and 5 mm 
spots for the measurement which may be affected by the 
brazing interface thickness by 100 microns, and (3) effect of 
the number of data points for d vs. sin2Ψ chart, collection 
time, cleaning of the sample during XRD. Surface residual 
stresses distribution in analyzed cases using ANSYS and 
measured case using XRD is shown in Figure 17.

co n c lu s I o n
To understand the residual stress characteristics during the 
brazing process in the dissimilar materials, due to the fact of 
the large variation in their CTEs for a long temperature range, 
a detailed FE analysis has been carried out. Temperature-
dependent non-linear material properties have been applied 
to get realistic results. Further, experimental validation on 
the manufactured sample has been carried out using XRD 
based residual stress measurement technique at two spots. 
It is assessed that the FEA results of brazed joint residual 
stresses are in good agreement with the experimental XRD 
measurement.

Future studies will focus on the FEA of the ceramic 
feedthroughs designed for the different shapes and sizes. As 
the shape and size change, the behavior of residual stresses 
also changes for the brazed joints and, therefore, becomes 
the important aspect of physical the residual stresses by 
modifications in the design as needed. 
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Table 3: Results of X-ray diffraction (XRD) and ANSYS at two spots

Residual stresses at 2 mm spot Residual stresses at 5 mm spot

XRD result (MPa)
ANSYS result 
(MPa)

XRD result 
(MPa)

ANSYS result 
(MPa)

15 16.4 5.8 6.7

Table 2: X-ray diffraction (XRD) parameters for residual stress 
measurement

S. No. Parameters Values

1. Radiation CrKα

2. 2θ 149.0˚

3. Spot size 1 mm

4. Exposure time 40 s, 4/4 tilts, 40/40˚ psi angles

5. Young’s modulus 138 GPa

6. Poisson’s ratio 0.3

7. Calculation Cross-correlation, constant 
background

8. Measurement method Modified d (sin2 Ψ) 

Figure 17: Surface residual stresses distribution in Kovar

Figure 16: XRD of brazed sample
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