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Abstract

This study employs numerical analysis to investigate the influence of seam structure on the residual stress and dam-
age state in Al,O; ceramic/Nb metal brazed structures. A block of Al,O; ceramic and a Nb metal plate are connected
with Ag-Cu-Ti filler under high temperature. Alongside the normal seam structure, three novel seam structures are
proposed, including the groove-type seam structure, the hole-type seam structure, and the surrounding-cut seam
structure. The residual stresses of all four Al,O3/Nb brazed structures are simulated with the finite element method
(FEM). The numerical model is verified based on comparison with literature and the residual stress of the normal seam
structure is checked against the experimental result. The findings demonstrate that the surrounding-cut seam struc-
ture is the most reliable since the surrounding groove can significantly reduce the harmful residual tensile stress by
29.5 % compared to the normal seam structure. Additionally, damage prediction conducted using ANSYS UPFs (Us-
er Programmable Features) confirms the reliability of the surrounding-cut seam structure. Besides, as an alternative,
proper removal of the filler material from the seam edge can also reduce the harmful residual stress during the brazing

process.
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I. Introduction

Ceramic materials play a pivotal role in applications
where performance and reliability are paramount, such
as in the aerospace and automotive industries 1,2, As a
common engineering ceramic material, Al,O3 is widely
used in a wide range of mechanical manufacturing and
military equipment due to its excellent high-temperature
properties and corrosion resistance >~6. However, owing
to their inherent brittleness, machining ceramic materi-
als into complex shapes is challenging. In contrast, metal
materials exhibit greater plasticity and ductility, allow-
ing easier shaping in line with production requirements.
Nevertheless, the high-temperature performance of metal
materials is far inferior to that of ceramic materials. For-
tunately, the combination of ceramic and metal in a joint
structure enables effective complementarity. In actual en-
gineering applications, ceramic and metal are usually con-
nected by means of brazing 7 ~9. However, the difference
in the coefficient of thermal expansion (CTE) between
metals and ceramics leads to the generation of inevitable
residual stress in the structure during the brazing cooling
process 1011, Residual stress is detrimental to the struc-
ture as it accelerates the failure of brittle materials.
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Researchers have developed various methods to miti-
gate excessive residual stress in the brazing process and
enhance the strength of the brazed structure. Zhang et
al. 12 studied the effect of brazing temperature on the
microstructure and mechanical properties of graphite/
copper seams, and found that the maximal shear strength
of the seam reached its highest value at a certain tempera-
ture. Similarly, Elrefaey et al. 13 investigated the influences
of brazing temperature and holding time on microstruc-
tures as well as on mechanical properties, highlighting
temperature and time as crucial factors in controlling
the microstructure and mechanical properties of brazed
joints. Hernandez et al. 14 designed an innovative struc-
ture for brazing titanium alloy with carbon-fiber-rein-
forced silicon carbide; their experimental results showed
the strength of the brazed structure is effectively increased
by adding perforations to the structure. Additionally,
Zhang et al. 15 investigated four different forms of seams
for brazing oxygen-permeable membranes and metal sup-
ports, and found that the outer sleeve structure is the most
reasonable based on a comparison of the residual stress.
Wang et al. 16 designed a three-layer filler consisting of
Ag-Cu-Ti+TiNp/Cu/Ag-Cu to braze Si3Ny ceramic and
Invar alloy, discovering that adding a copper foil interme-
diate layer to the filler can substantially reduce the residual
stress in the brazed structure. Wang et al. 17 investigated
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the effect of rare earth elements on the microstructure and
properties of 6061 aluminum alloy vacuum-brazing joints
based on experiments, and found that structures contain-
ing rare earth elements exhibited higher strength. Jiang
et al. 18 studied residual stress and creep in a stainless-
steel plate-fin structure, and their results demonstrated
that the thickness of filler metal played an important role
in seam strength. In other words, properly adjusting the
thickness of filler metal can reduce the residual stress to
a certain extent. At present, despite the comprehensive
research on optimizing brazing residual stress, there has
been only limited systematic exploration of seam design
from a structural perspective. The selection of reliable
seam structures can effectively relieve the harmful residu-
al stress in the brazing process !5, which is of great impor-
tance for further strengthening the brazed structure.

This study seeks an optimized seam structure by means
of stress simulation and damage prediction. Based on the
common Al,O3/Nb brazing model, three novel models
with different seam geometric structures are designed. To
examine the reliability of several models, the residual stress
and damage of each model under the same brazing con-
ditions are compared and analyzed using the finite ele-
ment method. Based on analysis of differentforms of braz-
ing seam, some references for the optimization of similar
brazed structures are provided. The finite element simu-
lation is chosen as the primary method for this study af-
ter verification of the proposed numerical model, and the
residual stress of the normal seam structure is checked
against experimental results.

The structure and content of this paper are organized as
follows. Firstly, the FEM-based brazing models of sever-
al geometric structures are established, and then verified
with experimental results. Based on the comparative anal-
ysis of residual stresses of different structures, a more reli-
able brazed structure is found. Secondly, size adjustments
to the selected model are made to further reduce its resid-
ual stress. Finally, by using the secondary development of
ANSYS, the elastic damage simulation of brittle material
is realized to show the damage state in ceramics.

II. Numerical Model
(1) Model description

Al,Oj5 ceramic and Nb metal are used as basic materi-
als 19-21, An Al,O3 ceramic block with a purity of 95 % is
cutinto a 6 x 6 x 6 mm>3 small block. Similarly, a Nb metal
plate with a purity of 99.9 % is cutinto an 18 x 12 x 2 mm?
plate. A 70Ag-28Cu-2Ti foil with a thickness of 200 pm is
used as the interlayer to connect the ceramic block and the
metal plate by means of vacuum brazing. It should be not-
ed that the thickness of the interlayer has a non-negligible
influence on the residual stress. However, in this study, our
focus is on the residual stress of four Al,O3/Nb brazing
structures with distinct geometric configurations of the
seam. Therefore, a constant thickness of 200 pm for the in-
terlayer is maintained throughout this paper. The normal
model is illustrated in Fig. 1.

Three innovative Al,O3/Nb models with different seam
structures are designed to seek amore reliable brazed mod-
el. Based on the different forms of brazing seams, they
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are named the groove-type seam structure, hole-type seam
structure, and surrounding-cut seam structure in this pa-
per. In the three models, the geometry of the Nb plates
is adjusted separately because of the high plasticity of the
metal material. Dissection diagrams of four models and
three-view drawings of different Nb plates are shown in
Fig. 2. The specific Nb plates can be inferred based on dif-
ferent three-view drawings. The groove-type seam struc-
tureisillustrated in Fig. 2 (b), and both the width and depth
of the groove measure 400 pm. Specifically, the groove of
the Nb plate can be machined with the milling cutter. Fig. 2
(c) shows the geometry of the hole-type seam structure.
Thessize of each square through-hole is 400 x 400 pm2, and
the spacing of each hole is 1 mm. In addition, the number
of the through-holes is 25, and the through-holes can be
machined by means of laser drilling. As seen in Fig. 2 (d), a
part of Nb metal is cut around the brazing seam in the sur-
rounding-cut seam structure. Both the width and depth of
the surrounding groove measure 400 um. The outer edge
length of the groove in the surrounding-cut seam struc-
ture is 6 mm, which is the same as the length of the bottom
edge of the ceramic block. It should be noted that the filler
above the groove is removed. Reliable clamps and auxil-
iary tools can be used for brazing the above parts to keep
the structure stable 22. If necessary, the parts can be invert-
ed to prevent excessive filler metal from flowing into the
grooves or holes during melting at a high temperature.

Al20s

Fig. 1: Three-dimensional model of the normal Al,O3/Nb model
and its finite element mesh. The purple part represents Al,O;
ceramic, the red part represents Ag-Cu-Ti filler, and the blue part
represents Nb metal.

(2) Material parameters

The physical parameters of materials are crucial for the
simulation, especially the CTE and elastic modulus at dif-
ferent temperatures. In this paper, the physical parameters
of the material are determined by consulting relevant liter-
ature 23-26, The parameters of materials at different tem-
peratures for some materials with incomplete data are ob-
tained by interpolation concerning the given typical tem-
perature values 27. The physical parameters of materials
adopted in the simulation are listed in Table 1.
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Fig. 2: Schematic diagrams of different Nb metal three-dimensional models: (a) normal seam structure, (b) groove-type seam structure, (c)
hole-type seam structure, and (d) surrounding-cut seam structure.

Table 1: Physical properties of materials used in the FEM simulation.

Material Temperature Elastic modulus Poisson’s ratio CTE Yield stress
(°C) (GPa) (10-6K-1) (MPa)
ALO, 25 304 0.2 6.8 /
300 295 0.2 7.0 /
500 284 0.2 7.4 /
800 269 0.2 7.8 /
Ag-Cu-Ti 25 94 0.35 16 200
300 85 0.35 18.4 120
500 60 0.36 20.7 60
800 20 0.37 22 20
Nb 25 120 0.33 7.3 70
300 110 0.33 9.2 68
500 90 0.34 10.7 66

800 75 0.34 12.2 65
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(3) Simulation procedure

Generally, it is difficult for ceramic materials to form a
firm combination with filler, so the brazing surface of ce-
ramics is usually metalized in advance 28. The simulation
step of surface metallization is omitted in this paper be-
cause the thickness of the metallization zone is extreme-
ly thin, and it is hard to achieve accurate simulation. Re-
spectively, four three-dimensional models are established
with the use of APDL (ANSYS Parametric Design Lan-
guage). With the use of APDL, the numerical model can be
established in a parametric and efficient way. To ensure the
accuracy of the simulation, each model is divided into an
appropriate mesh. As the meshes become denser, the sim-
ulation workload and time increase considerably. There-
fore, it is essential to strike a balance between accuracy
and computational efficiency. As shown in Fig. 1, the non-
uniform mesh method from dense to sparse is adopted in
this paper to improve simulation efficiency. The meshes
at the brazing seam are relatively dense, and the meshes
away from the brazing seam become gradually sparser. In
general, the residual stress at the brazing position changes
significantly, therefore, the Ag-Cu-Ti filler is divided in-
to five layers of mesh in the Z-direction. It is worth not-
ing that for a more accurate experimental comparison, the
meshes of the four models are set to roughly the same. In
addition, the X-direction, Y-direction, and Z-direction of
the 3D coordinate system represent the length direction,
width direction, and height direction of the model respec-
tively, and the Z-direction degrees of freedom of the four
corners at the bottom of the model are constrained. The
thermal analysis method in ANSYS is used to simulate the
residual stress generated in the cooling stage of the brazing
process. The melting point of the Ag-Cu-Ti filler metals is
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780°C 29, therefore, the temperature is increased to 800 °C
to melt the filler. The structure is in a stress-free state at
this temperature. After a short time during which the level
of heat is maintained, the model temperature is cooled to
200 °C at the rate of 5 K/min. Finally, the model tempera-
ture is reduced to room temperature at the rate of 2 K/min.

(4) Model verification

The model established in this paper is verified based on
comparison with the results reported by Wang et al. 24 in
which Al,O3 ceramic with the dimension of 5x 5 x 5 mm?3
and Nb metal with normal seam structure was brazed
with an Ag-Cu-Ti inter-layer. In their study, the braz-
ing process was simulated and the maximum residual Mis-
es equivalent stress is 296.2 MPa, which agrees well with
experimental result24. In this study, the finite element
model incorporated in ANSYS, which can be accessed
from GitHub (hztps://github.com/PhiPsi-Software/Braz-
ing_Simulation), leads to the residual stress distribution as
shown in Fig. 3. It can be seen from Fig. 3 (a) that the max-
imum residual Mises equivalent stress is 294 MPa, with a
difference of only 0.7 % compared to the literature 24, in-
dicating the reliability of the established numerical model.
From the stress contour in the X-direction (Fig. 3 (b)), it
can be observed that Al,O; ceramic is subject to compres-
sive stress of 284 MPa, while the filler experiences tensile
stress of 255 MPa, and this conclusion is consistent with
the literature 16,24,26,29 The final temperature distribu-
tion of this verification case is shown in Fig. 3 (c), where
it can be seen that the model has reached room tempera-
ture with a maximum difference of less than 0.1 degrees
Celsius. The maximum principal stress occurs in the filler
region, as shown in Fig. 3 (d).
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Fig. 3: Contours of the verification case: (a) Mises equivalent stress, (b) stress in X-direction, (c) the final temperature, and (d) maximum

principal stress.
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ITI. Results and Analysis

(1) Finite element simulation results

Due to the inconsistent CTE parameters between ceram-
ic and metal, residual stress will inevitably occur in the
structure after brazing 3. As a general rule, the highest
residual stress typically occurs at the brazing seam. In this
study, the Ag-Cu-Ti interlayer is removed for post-pro-
cessing after simulation to better observe the magnitude
and distribution of residual stress in the Al, O3 block. As
illustrated in Fig. 4, The simulated results include the X-
direction stress contour plot (Fig. 4 (a)), Y-direction stress
contour plot (Fig. 4 (b)), Z-direction stress contour plot
(Fig. 4 (¢)), and shear stress contour plot (Fig. 4 (d)) of the
normal Al,O3/NDb structure. Fig. 4 (a) and Fig. 4 (b) show
similar magnitudes and distributions of stress in the X-
direction and Y-direction due to the structural symme-
try. The Al,O3 ceramic, with a much higher elastic modu-
lus than the Nb metal, severely restricts the deformation
of the Nb metal plate during high-temperature brazing,
leading to significant residual stress at the bottom of the
Al,Oj3 block. The compressive stress near the seam in the
ceramic is particularly high, reaching a maximum value
of 410 MPa. Fig4 (c) illustrates the distribution of the Z-
direction stress, showing high tensile stress at the sides of
the ceramic with a maximum value of 139 MPa. This ten-
sile stress arises from the higher coefficient of thermal ex-
pansion of the Nb plate compared to that of the ceram-
ic, causing it to be restrained by the ceramic and to curl
vertically durmg cold shrinking. As a result, the ceramic
edge experiences substantial vertical tension. Considering

Unit: MPa
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the brittleness of ceramic, which cannot withstand exces-
sive tensile stress, it is crucial to attenuate the Z-direction
stress in subsequent research. Fig. 4 (d) presents the shear
stress (Ty) contour plot of the normal structure, show-
ing a regular distribution of shear stress on the Nb plate
with a maximum value of only 55 MPa. The residual stress
in the Al, O3 ceramic of the normal Al,O;/Nb structure
was measured with XRD (EMPYREAN, Netherlands).
As shown in Fig. 5, the path indicated by a black dotted
line for the residual stress test is taken in the Al,O3 ce-
ramic, 0.5 mm away from the filler. The measured resid-
ual compressive stress is 199.6 MPa, slightly larger by 9 %
than the simulated value of 183.1 MPa. The observed phe-
nomenon, where the experimental results are slightly larg-
er than the numerically simulated values, is consistent with
other findings reported in the literature 23,31,

Von Mises stress is widely used in the analysis of braz-
ing residual stress 32, it can be used as a criterion for mea-
suring structural reliability. The von Mises stress contour
plots of several structures simulated with the finite ele-
ment method are presented in Fig. 6. Itis obvious that high
residual stress always appears in the Al,O3 ceramic block
near the brazing seam. The maximum von Mises stress val-
ues of several structures are compared with each other, and
the maximum stress of the groove-type seam structure is
the highest. As shown in Fig.6 (b), the maximum stress
is 441 MPa, because the residual stress above each groove
is significantly increased. Besides, based on the compari-
son of stress states in the normal seam structure (Fig. 6 (a)),
the hole-type seam structure (Fig. 6 (¢)), and the surround-
ing-cut seam structure (Fig. 6 (d)), the maximum residual

— —
411 =357 -304 250 -196  -143 88 -35 19 7

(b)

Fig. 4: The residual stress contour plots of the normal Al,O3/Nb structure: (a) X-direction stress contour plot, (b) Y-direction stress contour
plot, (c) Z-direction stress contour plot, and (d) shear stress (txy) contour plot.
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stress values of the three structures are extremely close,
being 388 MPa, 389MPa, and 386 MPa respectively.
However, their stress gradients change inconsistently.
The stress contour of the normal seam structure changes
rapidly, especially at the brazing seam. In comparison, the
stress contour of the hole-type seam structure and the
surrounding-cutseam structure changes slowly because of
their distinctive geometries.

The path for
residual stress
test

Fig. 5: The path for the residual stress measurement experiment.

To investigate the residual stress in the different struc-
tures more closely, several schemes are designed to re-
search the stress state of the structure, as show in Fig.7.
The first scheme is designed to study the stress distribu-
tions of section A and section B, section A is the XZ plane

Unit: MPa
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in the middle of the model and section B is the XY plane
between the Al,O; ceramic block and Ag-Cu-Tifiller. Be-
sides, stress contour plots of two sections are obtained re-
spectively. The second scheme is used to extract the stress
data on the C-C path and D-D path, we set the middle
of the bottom of the ceramic block in the X-direction as
the C-C path, and the D-D path is the line along the Z-
direction in the middle of the side of the ceramic block.
Moreover, the stress states in the different brazed struc-
tures are analyzed based on plotting of the stress curves.
Fig. 8 illustrates the von Mises stress distribution in sec-
tion A of different brazed structures. Compared with
external von Mises stress, internal stress is also rough-
ly the same. High residual stress occurs on both sides
of the ceramic block bottom. However, there are cer-
tain differences in the distributions of internal and exter-
nal stress. When compared with the normal seam struc-
ture (Fig. 8 (a)) and the surrounding-cut seam structure
(Fig. 8 (d)), the stress distribution of the normal seam
structure is similar to that of the surrounding-cut struc-
ture, but the area of higher stress in the structure of the sur-
rounding-cut seam is much smaller. As shown in Fig. 8 (b),
due to the multi-groove geometry of the Nb plate, the
stress distribution on the Nb plate is different from that
of other structures. In addition, the stress on both sides of
the ceramic block bottom becomes more concentrated. In
the hole-type seam structure (Fig. 8 (¢)), the residual stress
can be relieved to a certain extent by the through-holes.

I _——
49 98 147 196 245 296 343 392 441

1 43 87 130 173 216 259 302 346 389

(©)

=T I———
43 86 129 172 215 257 300 343 386

(d)

Fig. 6: Von Mises stress contour plots of four different Al,O3/Nb structures: (a) normal seam structure, (b) groove-type seam structure, (c)

hole-type seam structure, (d) surrounding-cut seam structure.
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Section A

Q

% D

Fig. 7: Schematic diagram of section and path used in the study: (a)
Section A: the XZ plane in the middle of the model, (b) Section B:
the XY plane under the Al,O3 ceramic block, (¢) C-C path: the line
along the X-direction in the middle of the bottom surface of Al,O4

ceramic block, (d) D-D path: the line along the Z-direction in the
middle of the ceramic side.

Von Mises stress distributions in section B of four dif-
ferent brazed structures are illustrated in Fig. 9. Obvious-
ly, the residual stress at the center of the ceramic bot-
tom is less than that around the ceramic bottom. Based on
the result of Fig. 9 (a) and Fig. 9 (c), it is found that the
distribution of the maximum stress is roughly the same,
but there are obvious differences in the stress contour.

Unit: MPa

5 43 86 129 173 216 259 302 345 388

12 43 87 130 173 216 259 302 346 389

Compared with the normal seam structure, the stress con-
tour of the hole-type seam structure changes more slow-
ly. From Fig. 9 (b) we can see the stress under the ceramic
block in the groove-type seam structure. Due to the struc-
ture of the Y-direction groove, the von Mises stress in the
Y-direction becomes more concentrated. As presented in
Fig. 9(d), the maximum stress in the surrounding-cut seam
structure also appears in the four corners of the ceramic
block bottom, but the area with high stress is also signifi-
cantly reduced. It can be concluded that the groove around
the seam can reduce the residual stress of the ceramic block
and make the stress contour change more slowly.

The von Mises stresses of the C-C path with four differ-
ent brazed structures are extracted, and the curves of stress
variation along the C-C path are shown in Fig. 10 (a). The
von Mises stress at both ends of the pathin each structure is
relatively high, meanwhile, the residual stress in the mid-
dle of the ceramicis stable atalow level. In the groove-type
seam structure and the hole-type seam structure, the stress
at the position about 600 um inward at both ends reaches
the maximum. Compared with the normal seam structure,
the von Mises stress distribution of the groove-type seam
structure in the C-C path is similar, but the residual stress
clearly at both ends of the groove-type seam structure as a
whole. Moreover, the stress of the surrounding-cut seam
structure is the lowest, its maximum stress value being
297 MPa. According to the result of Fig.4 (c), the maxi-
mum tensile stress in the Z-direction appears on the side
of the ceramic block. As a result, it is crucial to explore the
Z-direction stress on the D-D path. The Z-direction stress

1 49 98 147 196 245 294 343 392 441

(b)

E—
2 43 86 129 172 215 257 300 343 386

(d)

Fig. 8: Von Mises stress contour plots of section A of different structures: (a) normal seam structure, (b) groove-type seam structure, (c) hole-

type seam structure, and (d) surrounding-cut seam structure.
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Unit: MPa
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Fig. 9: Von Mises stress contour plots of section B of different structures: (a) normal seam structure, (b) groove-type seam structure, (c) hole-

type seam structure, and (d) surrounding-cut seam structure.
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Fig. 10: The curves of stress variation along two paths: (a) von Mises stress curve on the C-C path, (b) Z-direction stress curve on the D-D

path.

curves on the D-D path are illustrated in Fig. 10 (b). The
maximum Z-direction stress appears at the position of
about 800 pm from the ceramic side to the brazing seam,
and the Z-direction stress gets smaller and smaller the fur-
ther away from the brazing seam. The reason for this stress
generation is that the ceramic block restricts the deforma-
tion of the Nb plate in the brazing process, which causes

the Nb plate to apply more loads on the bottom edge of the
Al,Oj5 ceramic in the Z-direction. The Z-direction stress
of the surrounding-cut seam structure is slightly smaller
than that of the normal seam structure at the peak value,
and its stress changes more slowly because the existence
of the surrounding groove can effectively reduce the loads
in the bottom edges of the ceramic block. Moreover, it is
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worth noting that the maximum Z-direction stress on the
D-D path is slightly lower than that on Al,O; ceramic
because the width of the Nb plate is less than the length.
Based on measurements, the maximum Z-direction stress
occurs on the side of the ceramic in the XZ-directions.

(2) Influence of structure size on stress

The stress contour in the hole-type seam structure
changes slowly due to the existence of holes. To further
investigate the impact of the hole-type seam structure
on residual stress, the sizes of the through-hole in the
hole-type seam structure are adjusted. The size of the
square through-hole is set to 300 pm, 350 pm, 450 pm,
and 500 pum, respectively, and the finite element sim-
ulations are performed for each model. The maximum
von Mises stress and the maximum Z-direction stress in
the Al,O; ceramic block are extracted and compared, as
shown in Fig. 11 (a). The von Mises stress decreases as the
through-hole size increases, indicating that the through-
hole can disperse some of the residual stress. Moreover,
the harmful Z-direction tensile stress increases with larger
through-hole sizes, causing greater harm to the ceramic.
In practice, the von Mises stress of the brazed structure
cannot be reduced by arbitrarily increasing the size of the
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through-hole. Theoretically, both the von Mises stress and
Z-direction stress are at appropriate levels when the size
of the through-hole is around 400 pm.

Comparison of residual stresses in four different struc-
tures reveals that the surrounding-cut seam structure is the
most reliable. To obtain an optimal size of the surrounding
groove, the width and depth of the surrounding groove
of the model are adjusted, respectively. Firstly, while the
depth of the surrounding groove is kept unchanged, the
groove with the original width of 400 pm is adjusted to
300 pm, 350 um, 450 um, and 500 um, respectively. Each
model is established and simulated by means of the finite
element method, with recorded results focusing on the
maximum von Mises stress and the maximum Z-direction
stress in the different structures. Secondly, the groove with
the original depth of 400 um is adjusted to 300 pm, 350 um,
450 pum, and 500 pm, respectively, while the width of the
surrounding groove remains unchanged. Curves showing
the relation of the width and depth of the surrounding
groove to stress are presented in Figs. 11 (b) and (c). Ac-
cording to Fig. 11 (b), it is obvious that the width of the
surrounding groove has a significant effect on the residual
stress. As the groove becomes wider, both von Mises stress
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Fig. 11: Comparison diagram of the effect of specific dimensions on stress: (a) The maximum stresses in ceramic blocks with different sizes
of holes, (b) The maximum stress in ceramic blocks with different widths of surrounding grooves, (c) The maximum stress in ceramic blocks
with different depths of surrounding grooves, and (d) Comparison diagram of maximum X-direction stress and maximum Z-direction stress
of three models: the new model, the surrounding-cut seam structure and the normal seam structure.
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and Z-direction stress decrease gradually, part of the rea-
son for this result is the reduction of the surface area of
the Ag-Cu-Ti filler used for brazing. However, it should
be noted that the processing size cannot be arbitrarily in-
creased, and an excessively wide surrounding groove will
inevitably reduce the strength and stability of the com-
posite structure. The curves in Fig. 11 (c) indicated that
the adjustment of the depth of the surrounding groove
has little effect on the von Mises stress. The von Mises
stress of the Al,Oj ceramic decreases slightly with the in-
crease in depth. However, the von Mises stress on the ce-
ramic will not change when the depth of the surround-
ing groove reaches a certain extent. Conversely, the Z-di-
rection stress remains stable at 126 MPa regardless of the
depth. Based on the simulation results, optimizing the sur-
rounding groove with a width of 500 pm yields superior
results, with a maximum von Mises stress of 370 MPa and
amaximum Z-direction stress of only 98 MPa, as found in
this study.

For an in-depth investigation of the effects of the sur-
rounding groove, the depth of the surrounding groove in
the surrounding-cut seam structure is adjusted to zero, re-
sulting ina configuration similar to the normal seam struc-
ture where the area from the seam edge of the filler is re-
duced. As shown in Fig. 11 (d), the X-direction stress and
Z-direction stress of the new brazed model are simulated.
The simulation results are then compared with those of the
surrounding-cut seam structure and normal seam struc-
ture. According to the simulations, the structure with filler
reduction exhibits the lowest maximum Z-direction stress,
measuring 122 MPa, which is close to the stress level of the
surrounding-cut seam structure. However, the maximum
X-direction stress is higher in the structure with filler re-
duction compared to the other two models. Specifically,
its X-direction tensile stress is 41 % higher than that of
the surrounding-cut seam structure. Overall, the structure
with filler reduction is superior to the normal seam struc-
ture but inferior to the surrounding-cut structure. Proper
reduction of the filler metal area can effectively mitigate
harmful residual stress during the brazing process.

IV. Damage Model and Prediction

Various microcracks exist in ceramic materials, so ceram-
ic materials can be easily damaged when subjected to high
stresses 3335, To study the damage in the Al,O; ceram-
ic block, a model that considers the damage is developed
by using the ANSYS user subroutine usermat. In this pa-
per, the scalar D in the range 0 to 1 is used to represent the
damage. When D s 0, the structure is perfect without dam-
age, whereas the structure is completely damaged when D
reaches 136,37,

(1) Damage principle
The tensile damage constitutive equation derived from
the tensor expression is 38:

D
o; =(1-D)Ey &, + ?517Eppk18k1 (1)

where 7j; is the real stress tensor and ¢y is the real strain
tensor, Ejji is the elastic tensor, d;; is the Kronecker delta,
and D is the damage factor.
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Strain is the main controlling factor of damage evolution
in this study. In Eq. (2), € is the actual strain. The threshold
strain of ceramic damage evolution under a uniaxial state
is set as &y, if the strain is below this threshold, there is
no damage. The strain at the damage limit is €. Then, the
damage evolution equation can be written as 38,3%:

0, O<8<8f

D= -
7)oy o<, 2)
e(e, —¢;)

The parameters &; and ¢, are calculated based on uniax-
ial tests. The tensile strain parameter is determined in the
uniaxial tensile test, and the compressive strain parameter
is determined in the uniaxial compression test. In general,
in the stress-strain diagram obtained from the uniaxial test
of brittle materials, the intersection of the elastic linear part
and the damaged curve part can be regarded as the damage
threshold point. In this study, the damage parameters of
ceramic are listed in Table 2 40, 41,

For a three-dimensional stress state, its equivalent

strain 42 is:
2 2 2
gzwlsl +&," teg 3)

whereéy, &, and 3 are the principal strains. The equivalent
tensile strain can be obtained as:

&= Zgiz (¢,>0) (4)

Similarly, the equivalent compressive strain can be writ-
ten as:

g = ZS;Z (¢, <0) )

The total damage is defined as:
D=oa,D, +a.D, (6)
where D, and D are the tensile and compressive damage
factors calculated from Eq. (2) by using tensile and com-

pressive strain parameters separately. In addition, o, and
o.in Eq. (6) are obtained with the following equation:

(e (2]
a, = - o, = - 7)

Table 2: Damage parameters.

Damage Damage
threshold strain ¢; limit strain €,
Tensile 0.0003 0.0032
Compressive 0.0008 0.0023

(2) Damage prediction

This paper establishes amodel in the ANSYS usermat us-
er subroutine to obtain the value of the damage factor D.
The Fortran file (usermat.f) can be expediently accessed
from GitHub (hztps://github.com/PhiPsi-Software/ Braz-
ing_Simulation). The damage constitutive equation is cod-
ed into the ANSYS program. Meanwhile, the possible
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damage in the Al,O5 ceramics of four different structures
is simulated respectively, and the damage in the ceramics
is preliminarily analyzed from the obtained theoretical re-
sults.

The contour plot of damage distribution in the normal
seam structure is illustrated in Fig. 12 (a), The damage de-
gree of the Al,O3 block is relatively high at the position
of about 0.5 mm from the seam. Especially, the maximum
damage factor D reaches 0.924 in the middle of the four
surfaces in this area according to the damage prediction for
ceramic, which means that cracks are more likely to occur
in these areas. On the basis of a comparison with Fig. 3 (c),
the damage contour is similar to the Z-direction stress con-
tour in the brazed structure, it indicates that the damage
is closely related to the higher Z-direction tensile residual
stress. It can be seen from Table 2 that the tensile damage
threshold of ceramic is lower than the compression dam-
age threshold of ceramic, so the tensile strain has a greater
impact on the damage of the ceramic. Besides, it can be seen
from the different sides of the ceramic block that the dam-
age distribution in the X-direction s close to the damage in
the Y-direction, but there is a tiny difference in the magni-
tude of damage. The reason for the above results is that the
length ratio of the Nb plate at the bottom of the ceramics
1s wider than the width ratio, which increases the strain on
the XZ side of the ceramic block.

The damage prediction results of four different struc-
tures are shown in Fig. 12. Of these, the maximum damage
factor D of ceramic in the groove-type seam structure is
the highest, with a predictive value of 0.935. Conversely,

— — —"
0 0.103 0.205 0308 0.411 0513 0615 0719 0.821 0924
(a)

zZ
b
X
— : S— I
0 0101 0.202 0303 0.404 0.504 0.606 0707 0.808 0.909

(c)

the maximum damage factor D of ceramics in the sur-
rounding-cut seam structure is the lowest, with a predic-
tive value of 0.866. Moreover, the maximum damage po-
sitions of the four different structures are roughly con-
sistent. Fig. 12 (b) presents the ceramic damage predic-
tion of the groove-type seam structure. As with the nor-
mal seam structure, the distribution of damage of ceram-
ic in the groove-type seam structure is roughly the same.
However, there are small differences in details. The Y-
direction grooves reduce the damage of the ceramic in the
X-direction to some extent, but it seems that the damage
in Y-direction increases a little and the damage become
more concentrated. The above results are consistent with
the reason for the difference in stress distribution of the
groove-type seam structure mentioned in this study. The
damage contours plot of the hole-type seam structure is
illustrated in Fig. 12 (¢c), the damage on the side of the ce-
ramic is relieved to a certain extent under the influence of
holes in the middle of the Nb plate, but the degree of relief
istiny. As shownin Fig. 12 (d), the damaged area of the sur-
rounding-cutseam structure seems to be larger than that of
the normal seam structure, but the overall damage is rela-
tively reduced. The groove surrounding the brazed seam
lessens the interaction between the Nb plate and the ce-
ramic, thereby slightly reducing the strain experienced by
the ceramic block. Since measurement of the damage pa-
rameters is difficult, the damage prediction method used
in this paper can predict the easily damaged location in the
brittle structure, offering valuable insights for actual sce-
narios.
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Fig. 12: Ceramic damage contour plots of different structures: (a) normal seam structure, (b) groove-type seam structure, (c) hole-type seam

structure, and (d) surrounding-cut seam structure.
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Conclusions

The seam shape of the brazed structure has an obvi-
ous influence on residual stress. In addition, the size
adjustment of some specific positions also affects the
strength of the brazed structure.

Residual stress near the brazing seam is extremely
high, especially the stress on the brazing edge of the
ceramic. Besides, the compressive stress near the seam
is greater than the tensile stress.

The finite element analysis results show that, of the
structures designed in our research for this paper, the
surrounding-cut seam structure is the most appro-
priate for the Al,O3/Nb structure. The optimum
surrounding groove can significantly alleviate the
residual stress at the bottom edge of the ceramic.
Specifically, compared to the normal seam structure,
the maximum tensile stress of the surrounding-cut
seam structure with a groove width of 500 pm can be
reduced by 29.5 %. Furthermore, proper removal of
the filler from the seam edge can also reduce harmful
residual stress.

Ceramic damage during brazing is simulated using
ANSYS UPFs. Results indicate that the greatest dam-
age occurs at the transition zone between the brazing
position and the distal end. The damage is mainly re-
lated to the Z-direction stress in the ceramic. In com-
parison, the predictive value for damage in ceramic
within the surrounding-cut seam structure is the low-
est of the four structures.

Based on the conducted study, the surrounding-cut
seam structure proposed in this paper shows superior
performance in terms of both stress simulation and
damage prediction.
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