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Abstract

The influence of gradient materials (GM) filler alloy on the distribution of thermal stresses and on the bending strength of the brazed

Si3N4–42CrMo steel joints was examined by using finite element modeling (FEM) computations in combination with experiments.

In order to form a smooth thermal expansivity change across the whole joint, a novel GM filler alloy was fabricated by stacking each

layer with different content of Mo particles (Ag–Cu–TiþMo) addition together. We examined the effect of GM compositions, layer

numbers and thicknesses on the residual stresses in the brazed joint. In particular, the monolayer composite filler produced by

incorporating 10 vol% Mo particles induced the minimum residual stresses in the joint, agreeing with the experimental results. The

results indicated that the CTE mismatch between the joined materials and the ability of plastic deformation in the filler alloy were two

factors that determine the residual stresses level in a brazed joint. The results reported here will provide us guidance to choose an

appropriate filler alloy for improving the ceramic–metal joint performance.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitrides possess excellent mechanical properties
and good corrosion resistance at room or high tempera-
tures, which makes them ideal for advanced structural
applications. Nevertheless, in order to meet strict applica-
tion requirements, the reliable joining techniques become
crucial [1]. For applications in such conditions, the active
filler metals, such as Ag–Cu–Ti, have been commonly
employed in joining Si3N4 to themselves or to metallic
parts [2]. The residual stresses are usually generated near
the bonding interface when cooling from the bonding
temperature due to the discontinuity in thermal and elastic
properties of the joined materials [3–5]. Most metals are
softer than ceramics and have larger thermal expansion
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coefficients (CTE). The thermal residual stress can aggra-
vate the mechanical properties of the ceramic–metal joints,
and may cause catastrophic fracture [6]. Lots of researches
believed that the stress level in these joints can strongly be
dependent on the thermal expansion and elastic modulus
mismatches between the joined materials. Nevertheless,
our research group [7] indicated that the ability of plastic
deformation in the filler alloy also played an important
role. A key question, therefore, should be addressed: which
is the main factor that determines the residual stress level
in a brazed joint? An investigation of the distribution and
magnitude of the residual stress in the joint should be
carried out in order to answer above questions. For
calculating the residual stress in a brazed joint, a finite
element method (FEM) is effective since it can determine
precisely the stress distribution across the whole joint if the
precise data for the joined materials are supplied [8].
Another critical problem is how to decrease the

CTE mismatches in the ceramic–metal configuration.
rved.
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The interlayers were usually introduced in the filler alloy,
such as soft metal interlayers, laminate interlayers and fine
crack interlayers [9,10]. Besides, incorporation of ceramic
particles or fiber reinforcements into the filler alloy was
proved to be effective [11–14]. We have reported the
addition of 10 vol% Mo particles to 66.24Ag–25.76Cu–
8Ti (wt%) filler alloy for the joining Si3N4 ceramic and
42CrMo steel, and a high joint strength was obtained [15].
The concept of graded material (GM) was initially pro-
posed in Japan and introduced into the joining of ceramics
ten years ago [16], which was considered to be a novel
and effective way to accommodate the residual stresses
theoretically. The GM filler alloy can produce a gradual
composition change from one joining substrate to another,
with a gradual CTE change, thereby avoiding the abrupt
changes in the mechanical properties across the bonding
interface. However, most of GM interlayers that were
introduced in the past were essentially comprised of two
joined parent materials [17–20]. This paper presents, for
the first time as we know, Ag–Cu–Ti filler alloy with
different Mo particles addition and stack each layer
together to form the GM filler alloy. The FEM analysis
were used to compute the magnitude and distribution of
the residual stresses in the joint, supplying an explicit
understanding of stresses state in the joint and thereby
guiding us to design the GM filler alloy. On that basis, the
critical factor that determines the residual stresses level in a
brazed joint was uncovered. In addition to this, the
elaborate GM was also introduced into joining the Si3N4

ceramic to 42CrMo steel.
2. Experiments

2.1. Materials

The Si3N4 ceramic and 42CrMo steel were tailored into
the required dimensions (3 mm� 4 mm� 17 mm). The
brazing surface (3 mm� 4 mm) of the ceramic and steel
was prepared by standard polishing. The filler alloy was
composed of 69.12Ag–26.88Cu–4Ti (wt%) alloy powder
with an average particle size of 50 mm, and Mo particles
with an average diameter of 10 mm. The mechanical
Fig. 1. Typical finite element mesh in FEM calculation: (a)
alloying method was introduced into preparing the mono-
layer composite filler with different content of Mo particles
addition. The details on the preparation of composite filler
were discussed in previous work [15]. The GM filler alloy
with gradual composition was produced by stacking each
layer with different percentage of Mo particles addition
together. In order to create a gradual CTE change from
the Si3N4 ceramic to 42CrMo steel, the Mo-rich composite
layer should be placed close to the Si3N4 ceramic, while the
composite layer with the lower content of Mo particles was
put near the 42CrMo steel. Before stacking, the binder was
added in each layer and the composite paste was dried with
a blower. The assembly was brazed at 900 1C, soaked for
10 min. The brazed joints were observed using SEM and
EDS on a FEI Quanta 200F electron microscope. The
strength of the butt joint was measured by three-point
bending test with a cross-head speed of 0.5 mm/min.
At least three samples were used to determine the bending
strength of the joint for each joining condition.
2.2. Model description

The continuum models were used to compute the strains
and stresses in the joint. The stress-free temperature was
set at 780 1C, which is the melting point of Ag–Cu filler
alloy. A spatially uniform cooling was assumed during
computation. The gradual filler alloy was treated as a
series of perfectly bonded composite interlayers and each
layer was assigned with different properties, i.e. CTE,
elastic modulus, and yield stress. Numerical solutions were
carried out with the Ansys10.0 computer program. The
eight-node quadrilaterial Solid 45 element that includes
mechanical and thermal capacities was chosen. A tridimen-
sional thermal elasto–plastic model was generated, as
schematically indicated in Fig. 1(a), whose dimension
was equal to the actual size of the studied specimens, i.e.
3 mm� 4 mm� 34 mm. The interfacial reaction layer at
the Si3N4 ceramic/filler alloy interface was considered
during computation. The mesh was refined near the
bonding interface where the larger residual stresses were
expected, as shown in Fig. 1(b). In order to create an
actual simulation environment, one of the corners in the
entire mesh; (b) the mesh refinement near the interface.



Table 1

Basic materials properties used in the computations.

Materials Temperature (1C) Elastic modulus

(GPa)

CTE

(� 10�6 1C�1)

Yield stress

(MPa)

Poisson’s ratio

Si3N4 – 320 3.28 4700 0.25

TiN – 350 9.35 – 0.22

Mo – 320 5.7 450–550 0.29

Ag–Cu–Ti 20 93.6 19.0 230 0.35

100 19.5 202

200 85 19.7 170

300 19.9 135

400 79.4 20.2 98

500 20.3 60

600 70.2 20.5 25

700 20.5

800 58.1 21 20 0.28

42CrMo 20 210 805

100 11.1 720

200 12.1 695

300 185 12.9 625

400 175 13.5 550

500 165 13.9

600 155 14.1
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Si3N4 ceramic was fixed in three directions, and its bottom
was also fixed in axial direction, as indicated in Fig. 1(a).

The Si3N4 ceramic and the reaction layer at the Si3N4

ceramic/filler alloy interface was considered to remain
elastic, while plasticity was allowed in the 42CrMo steel
and GM filler alloy. A von Mises yielding condition and
isotropic hardening were assumed. The basic materials
properties used in computations are given in Table 1.
We introduced the following equations to calculate the
mechanical properties for the composite. The elastic
modulus (E) and thermal expansion coefficient (C) for
the monolayer composite filler in GM filler alloy were
expressed as follows [21]:

Ec ¼
EM ½EmVrþErðVrþ1Þ�

ErVmþEmðVrþ1Þ
ð1Þ

Cc ¼
CmVmKmþCrVrKr

VmKmþVrKr

ð2Þ

where E is the elastic modulus and the subscripts c, m and r

refer to the composite, matrix and reinforcement, respec-
tively; V is the volume fraction of the reinforcement; K is
the bulk modulus which can be calculated by the following
equation: K¼E/(3� (1�2� u)), where E and u are elastic
modulus and poisson’s ratio, respectively.

The yield strength for the composite can be defined as
follows [22]:

syc ¼ symð1þ f1Þð1þ fd Þ ð3Þ

where syc is the yield strength of the composite; sym is the
yield strength of the matrix; f1 and fd can be obtained by
following:

f1 ¼ 0:5Vp ð4Þ
fd ¼ kGmb

ffiffi

r
p

sym

ð5Þ

r¼
12DaDTVp

bdpð1�VpÞ
ð6Þ

where Vp is the volume fraction of the reinforcement; Gm is
the shear modulus of the matrix; b is the Burgers vector of
the matrix; k is a constant, approximately 1.25; dp is the
particle size; Da is the CTE difference between the matrix
and reinforcement; DT is the difference between the
processing and test temperatures.
3. Results and discussion

3.1. FEM results

To better focus on the nature of stress state in a brazed
joint, the magnitude and distribution of the residual
stresses were computed while the monolayer composite
filler was inserted. Fig. 2 demonstrates the contour plots of
computed axial (sxx), radial (syy) and shear stresses (szz) in
a brazed joint, by inserted with Ag–Cu–Ti filler alloy
incorporated with 10 vol% Mo particles. The residual
stresses were constrained around the substrates/filler alloy
interfaces. Even along the interface, its distribution was
also not homogeneous. For sxx, the largest residual stress
occurred at the edge of the substrates (Si3N4 ceramic and
42CrMo steel), and diminished away from the interface.
The same trend was also observed for syy and szz, as
shown in Figs. 2(b and c). We should emphasize the
importance of the axial tensile stresses since it plays a
key role in determining the joint bonding strength. Note
that most ceramic can bear compressive stresses, but show



Fig. 2. Contours plots of the computed residual stress in the joint by inserting with Ag–Cu–Ti incorporated with 10 vol% Mo particles: (a) sxx; (b) syy;

(c) szz and (d) schematic drawing showing the formation of the axial residual stresses.
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poor ability in enduring the tensile stresses. As straight-
forwardly observed in Fig. 2(a), the maximal tensile stress
could reach 277 MPa at the edge of Si3N4 ceramic, while
the maximal compressive stress was found in the 42CrMo
steel near the interface. The reasons for this are related to
the fact that both the substrates should contract as they
cooled from the brazing temperature. That say the
42CrMo steel should shrink more than the Si3N4 ceramic
under the same temperature gradient since the CTE value
for 42CrMo steel is far higher than that of Si3N4 ceramic.
They could restrict deformation of the counterpart by the
metallic brazing layer. Thus, at room temperature, the
lower expansion material experiences a compressive stress
on the whole, while the larger expansion material is in
tension, as schematically demonstrated in Fig. 2(d). In
order to balance those internal stresses, the axial tensile
stresses should occur at the edge of Si3N4 ceramic, while
the compressive stresses were present in the 42CrMo steel.

The residual stresses around the periphery of the whole
joint are still an overriding concern by most researches,
little attention was paid to the stress state inside the joint.
We observed the distribution of axial stresses along
different sections in the joint, as shown in Fig. 3. It is
important to note that the stress distribution behaved in a
diverse trend inside the joint. The distribution of the
residual stresses was revealed in the section which was
cut in the midline of the joint, as indicated in Fig. 3(b). The
compressive stresses were observed in the Si3N4 ceramic,
while the tensile stresses were present in the 42CrMo steel.
In addition to this, no stress singularity was observed in
the section. Fig. 3(c) demonstrates the stresses distribution
in the filler alloy at the right side of the interfacial reaction
layer. A large decrease in the stress magnitude and uniform
stress distribution were found, which means the residual
stresses exhibited a large variation in a small range in the
brazed joint. Fig. 3(d) shows the stress distribution in the
brazing layer, no stress singularity was also observed and
the maximal stress value was dramatically dropped.
Fig. 4 indicates the contour plots of equivalent plastic

strain ep in the joint. A plot of the plastic strain variation
along one of the edges clearly indicates that the plasticity
was entirely confined within the filler metal layer. The
contact position between the interfacial reaction layer and
filler alloy was defined as the reference point. As demon-
strated in Fig. 4, the largest plastic strain was constrained
in the filler alloy near the interfacial reaction layer at the
Si3N4 ceramic/filler alloy interface, and decreased close to
the 42CrMo steel. Actually, it does not mean that the
plastic strain always occurs in a brazed joint. We cannot
observe them if the maximal residual stress in the joint
does not exceed the yield stress of the filler alloy. With
the aid of Eq. (3), the yield stress in the monolayer



Fig. 3. Distribution of axial residual stresses along different sections in the joint: (a) the schematic drawing showing the positions of different sections; the

distribution of axial stresses in the section (b) A: in the midline of the joint; (c) B: at the right of the interfacial reaction layer at the Si3N4/filler alloy

interface; (d) C: at the right of the filler alloy near the 42CrMo steel.

Fig. 4. Contours of equivalent plastic strain ep along the edge relative to

the origin which was constrained in three directions.
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composite filler with 10 vol% Mo particles addition was
254.6 MPa, which is lower than the maximal residual stress
of 277 MPa. So, its occurrence in the joint was reasonable.
Furthermore, we should keep in mind that the Si3N4

ceramic and 42CrMo steel were joined by the filler alloy.
Compared to 42CrMo steel, however, the Si3N4 ceramic
should contract less owing to its low CTE on cooling from
the brazing temperature. To produce joining, the larger
plastic strain should occur in the brazing layer near the
Si3N4 ceramic. Also, and most importantly, it should be
noted that the large strain in the filler alloy was not
detrimental to the joint strength due to its favorable ability
of deformation.
In order to create a smooth CTE change along the joint,

a model based on two layers GM filler alloy was adopted
and the residual stresses in the joint were computed.
Typically, the layer with a high content of Mo particle
addition (20–40 vol%) was set close to Si3N4 ceramic,
while the layer with lower content of Mo particles addition
(5–10 vol%) was put near the 42CrMo steel. When the
layer with the content of 5 vol% Mo particles was set near
the 42CrMo steel, the layer with the content of 20 vol%–
40 vol% Mo particles was set close to the Si3N4 ceramic.
After that, the layer with content of 10 vol% Mo particles
was put near the 42CrMo steel, then varied the content of
Mo particles in another layer adjacent to Si3N4 ceramic,
also from 20 vol% to 40 vol%. Fig. 5(a) shows the



Fig. 5. (a) Computed axial stresses for the two layers GM specimens along one of the edges of the joined materials; (b) GM thickness on the effect of the

residual stresses in the joint by inserting with 5 vol% Moþ20 vol% Mo GM.

Fig. 6. Computed axial stresses for the multilayer GM structure along

one of the edges of the joined materials. (The compositions for the GM

structure are as follows. One layer: 10 vol% Mo; two layers: 5þ20;

three layers: 5þ15þ30; four layers: 5þ10þ20þ30; six layers: 5þ10þ

15þ20þ25þ30).
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computed axial stresses for the two layers GM specimens
along one of the edges in the brazed joint. Similar to the
stress profiles described previously, the peak tensile stresses
were always observed in the Si3N4 ceramic while the
compressive stress was present in the 42CrMo steel.
A key phenomenon should be demonstrated here, the
residual stresses in the joint were increasing if the higher
content of Mo particles was incorporated. The tensile
residual stress was only 314 MPa while 5 vol% Moþ20
vol% Mo GM filler alloy was used, whereas, it was
increased by approximately 30% while the 10 vol%
Moþ40 vol% Mo was introduced. Our results are entirely
at odds with the prevalent notion that the gradient filler
alloy could cause a smooth CTE mismatch and help to
relieve the residual stresses. Fig. 5(b) shows the thickness
of GM filler alloy on effect of the residual stresses in a
brazed joint. The composition of GM used was 5 vol%
Moþ20 vol% Mo and its thicknesses were 120 mm,
240 mm, 480 mm and 600 mm, respectively. One may
observe that the residual stress in the Si3N4 ceramic could
reduce to a minimum while the GM thickness was 240 mm.
The brazing layer can aid in relaxing the residual stress by
its creep and yield mechanisms. However, it does not mean
that the thicker the brazing layer is, the higher the joint
strength will be. Computation data so far inspire us that an
optimum thickness should be selected during brazing. The
results reported here could guide us to choose the thickness
of GM filler alloy in the subsequent experiment.

We also examined the effect of multilayer GM structure
in mitigating the residual stresses, as displayed in Fig. 6.
One layer, double layers, three layers, four layers, six layers
were compared in the figure. The total thickness of the GM
was 240 mm, and assumed that the thickness of each layer
in the GM filler alloy was equal. There is no doubt that the
identical stress distribution modes were observed. The
peak compressive stresses in the 42CrMo steel varied less
with increasing layer numbers in the GM. The tensile
stresses in the Si3N4 ceramic, however, showed a different
trend. We were surprised to observe that the minimal stress
was obtained while monolayer composite filler was
inserted. The result contradicted the viewpoints of lots of
researchers [16,17,19,20,23,24], who believed that the more
layers in the GM could reduce the residual stress due to its
smooth change in CTE and elastic modulus. We should
note that the multilayer GM structure can actually pro-
duce a successive change in the CTE and elastic modulus
along the joint, aiding in improving the joint strength.
However, for the sake of forming a continuous GM filler
alloy, the brazing layer with a high content of Mo particles
addition should be inevitably inserted. The above opera-
tion can greatly impair the plasticity of the filler alloy. We
have reported that the joint strength was deteriorated
when the content of Mo particles exceeded 10 vol% in
the monolayer composite filler [15]. The lower strength was
caused by the poor plasticity and pores in the brazing
layer. Even the filler metal layer with a high content of
reinforcement incorporation can decrease the CTE mis-
match to a large extent. The increase of yield stress in the
filler alloy can counteract its influences. In other words, the



Fig. 7. Microstructure and Mo element distribution images in the joint brazed by using 5 vol% Moþ20 vol% Mo GM filler alloy.
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ability of plastic deformation in the filler alloy was one of
the governing factors that determined the joint strength.

3.2. Experimental analysis

Fig. 7 shows the microstructure of the joint brazed with a
two layers GM filler alloy, namely 5 vol%Moþ20 vol%Mo.
A sound reaction layer was formed at each substrate/filler
alloy interface. At the Si3N4 ceramic/filler alloy interface,
the reaction layer was composed of TiN and Ti5Si3, with
the TiN close to the Si3N4 ceramic. A double reaction layer
consisting of Fe2Ti and FeTi was also formed adjacent to
42CrMo steel, with Fe2Ti near the steel. The central part of
the joint was composed of Ag based solid solution, Cu
based solid solution, Mo particles together with few Cu–Ti
intermetallics. As demonstrated in Fig. 7(b), Mo particles
were uniformly dispersed in each layer, achieving the
original intention for which the structure we designed.

Fig. 8 displays SEM micrographs of the Si3N4 ceramic/
42CrMo joints brazed with different GM structure. The
Mo particles spread randomly in each layer, which was
essential in achieving a smooth CTE and elastic modulus
change along the joint. In addition, the thickness of
reaction layer at the Si3N4 ceramic/filler alloy interface
was increasing by elevating the layer numbers. Its thickness
was less than 2 mm when the monolayer was used, whereas,
it increased to 3.5 mm while three layers were introduced.
One may speculate that more layers could increase the
total thickness of the filler alloy, increasing the total Ti
amount and thus providing sufficient Ti element to react
with Si3N4 ceramic.

Fig. 9(a) demonstrates the three-point bending test results
of the brazed Si3N4/42CrMo joints. The maximal bending
strength could reach 587.3 MPa by using monolayer compo-
site filler with 10 vol% Mo particles addition, which was
414.3% higher than the average strength for the case without
Mo addition. The residual stresses that resided in the joint
were probably responsible for the variation of the joint
strength. As shown in the picture, the experimental results
correlated well with the finite element predictions. Three
types of failure mode were observed after bending tests, as
presented in Figs. 9(b–e). The first type is shown in Fig. 9(b),
in which fracture initiated at the edge of Si3N4 ceramic near
the interface where the greatest tensile residual stresses
concentrated, and then propagated in the ceramic, forming
a bowed fracture pattern. This kind of fracture type indicates
a considerable thermal residual stress was resided in the joint.
Another type (Fig. 9c), for the case of the joint brazed with
the monolayer composite filler with 10 vol% Mo addition,
fracture altered between the Si3N4 ceramic and filler alloy.
The fracture mode with no evidence of significant residual
stresses implied that the crack initiated in the ceramic near
the interface, and extended into the filler alloy under external
load. Fig. 9(d) shows the third type, in which fracture occurs
in the brazing layer, corresponding to the joint brazed with
two or three layers GM. The fracture mode indicates a lower
joint strength, and the following two factors were contributed
to it. On the one hand, more layers in the GM could induce a
higher residual stresses in the joint, as demonstrated in
Fig. 9(a). On the other hand, in order to form a continuous
GM filler alloy, the brazing layer with the higher content of
Mo particles should be inevitably introduced. Therefore,
partial Mo particles could not be wetted due to the
insufficient amount of liquid filler during brazing. Lots of
pores were thus observed on the fracture surface, as demon-
strated in Fig. 9(e).

4. Discussions

For ceramic joining, many factors are involved in
obtaining a robust joint, i.e. chemical reaction between
materials during joining, thermal expansion mismatch
between components, processing variables, geometry of
the components etc. The challenges can be classified into
chemical or mechanical factor in nature [25]. Significant
advances have been made in the field of chemical control.
The active element, i.e. Ti, Zr, Hf, can be incorporated in
the filler alloy. In the study, the Ti-activated filler alloy was
used and a sound reaction layer was formed at each
substrate/filler alloy interface after brazing. A remarkable
phenomenon should be clarified here, by observing the
fracture surface after bending, no cracking in the reaction



Fig. 8. SEM micrographs for the joints brazed with different GM structure: (a) one layer: 10 vol% Mo; (b) two layers: 5þ20 vol% Mo; (c) three layers:

5þ15þ30 vol% Mo.

Fig. 9. Bending strength versus different GM structure (a) and fractography for the joints brazed with: (b) Ag–Cu–Ti, (c) one layer, (d) two or three

layers and (e) the magnified photograph in (d).
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layer was found, which means the interfacial bonding was
strong enough in the research. Thus, for a well-bonded
joint, the thermal expansion mismatches between the
joined components and the resulting residual stresses was
the critical factor to determine the joint strength. The
residual stress, which was always concentrated at the edge
of the substrates near the interface, is the dynamic force for
the crack initiation and subsequent propagation in the
ceramic joints under external loads. Some kinds of inter-
layers were usually introduced into compensating for the
residual stress, i.e. soft metal interlayers, hard metal
interlayers. A soft metal interlayer, such as Cu or Ni,
reduces the residual stress by its elastic, plastic, and creep
deformation. The hard metal interlayer, whereas, aids
stress accommodation by decreasing CTE mismatch
between the joining materials. We should note that the
residual stresses resided in the joint were directly caused by
CTE mismatch between the joined materials, yet the plastic
deformation in the filler alloy could relax partial stresses
while the maximal residual stresses exceeds the yielding
point of the filler alloy. From above discussion, one can
infer that the residual stresses level in the joint was
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essentially controlled by the CTE mismatch and the ability
of plastic deformation in the filler alloy. A key question
should be addressed: how could they cooperate to obtain
the joint with the minimal residual stresses level? In the
research, the FEM analysis in conjunction with experi-
ments provided a hint to answer the above question.
Actually, by increasing layer numbers in the GM filler
alloy, two effects were induced: on the one hand, more
layers in the filler alloy could form a smooth gradual
composition transition, which will reduce the CTE mis-
match and accordingly induce the lower residual stresses;
on the other hand, the layer with higher content of Mo
particles addition should be inevitably introduced in the
multilayer GM, which will sacrifice the ability of the filler
alloy to mitigate the residual stresses through its plastic
deformation. In order to obtain a robust joint, a trade-off
should be accomplished between the two factors to mini-
mize the residual stresses. In the research, the robust joint
was obtained while the monolayer with 10 vol% Mo
addition was adopted. Only the monolayer by incorporat-
ing 10 vol% Mo particles was enough to obtain the highest
joint strength, that said the lowering of CTE mismatch in
combination with the allowable plastic deformation in the
filler alloy was contributing the joint strength, note that the
CTE was reduced merely 71% in the situation. For the
joint brazed with multilayer GM filler alloy, even a smooth
CTE change across the joint could result in the lower
residual stresses, the total residual stress level was always
higher than that present in the joint brazed with the
monolayer owing to their poor plasticity. So, we can
conclude the ability of plastic deformation in the filler
alloy was essential in mitigating the residual stresses and
determining the stress level in the joint.

How could we quantify the factors that determine the
residual stresses level in the joint? For fully elastic condi-
tions, the thermal stress is determined by following well-
known equation [26]

s¼
EMEC

EMþEC

ðTfree�TroomÞðsM�sCÞ ð7Þ

where E is Young’s modulus and s is the linear thermal
expansion coefficient; Tfree is the free-stress temperature,
which was believed to be 780 1C for Ag–Cu–Ti; the
subscript M and C represent metal and ceramic, respec-
tively. For Ag–Cu–Ti, the calculated residual stresses in
the Si3N4 ceramic could reach 743.6 MPa by above
equation, close to the fracture strength of Si3N4 ceramic
(800 MPa). Actually, an average bending strength of
114.2 MPa was obtained, which means the above equation
neglecting the plasticity in the filler alloy was not applic-
able. In addition, we have employed Digital Image Corre-
lation method to characterize the local deformation in the
filler alloy, and 1.55% exx could be observed after bending
test, an indication of high plastic deformation in the filler
alloy. Actually, most of the filler alloy that we choose to
join the ceramic could deform plastically and the deforma-
tion was considered a significant way to accommodate the
residual stresses. The effect of plastic deformation on the
magnitude of residual stresses is not fully understood yet,
and no metric was built to estimate the stress while
considering the plastic deformation in the filler alloy. The
FEM method was approved to provide useful information
in estimating the residual stress level in the joint while
considering both the CTE mismatches and plastic defor-
mation in the filler alloy.

5. Conclusions

The residual stresses were studied experimentally by
using GM filler alloy in a model Si3N4 ceramic–42CrMo
steel joint. An elastic–plastic FEM model was used to
investigate the residual strains and stresses in the joint, and
to study the role of the GM compositions, layer numbers
and thicknesses on the predicted stresses. The following
conclusions were drawn.
(1)
 During the Si3N4 ceramic–42CrMo steel joining, the
peak tensile axial stresses were always found at the
edge of Si3N4 ceramic near the interface, while the peak
compressive stresses occurred in the 42CrMo steel. In
addition, the largest plastic strain was concentrated in
the filler alloy near the interfacial reaction layer at the
Si3N4 ceramic/filler alloy interface, and its value
decreased close to the 42CrMo steel.
(2)
 The thickness of the brazing layer had a far-reaching
impact on the joint strength. For 5 vol% Moþ20
vol% Mo GM filler alloy, the optimum thickness was
240 mm, which produced the minimum residual stresses
in the joint.
(3)
 The FEM results indicated that the joint brazed with
monolayer incorporated with 10 vol% Mo particles
produced the lowest residual stresses, which was also
validated by experiments. The multilayer GM structure
with a more smooth CTE change across the joint was
believed to lead to a high quality joint theoretically, yet
they failed owing to their poor plasticity.
(4)
 The FEM results coupled with experiments indicated
that the CTE mismatch between the joined materials
and the ability of plastic deformation in the filler alloy
was two factors that determine the residual stresses
level in the joint. More importantly, the ability of
plastic deformation in the filler alloy was one of the key
factors to influence the residual stresses level in the
joint, which should be drawn strong attention in
designing the filler alloy.
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