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Triaxial Constraint and Tensile Strength
Enhancement in Brazed Joints
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A brazed joint consists of a low-melting point and thin interlayer sandwiched between the
high-melting-point base materials, in which the interlayer strength is typically lower than that of
the base material. When this butt-joined composite is loaded uniaxially in the direction
perpendicular to the plane of the brazing layer, the tensile strength is found to be much higher
than that of the braze. This seems to violate the iso-stress condition in such a butt-joint serial
configuration. The stress triaxiality has been usually ascribed, but without a quantitative
rationalization, as being responsible for this tensile strength enhancement. Here a complete
finite element simulation has been conducted to study the dependence of triaxiality and strength
enhancement on geometric and material parameters. Two asymptotic limit solutions (based on
Bridgman and Xia–Shih solutions, respectively) have been identified to understand the
simulation results. The critical role of void evolution has been revealed when making a
quantitative comparison to available experiments. In addition, ductility of the brazed joint,
which has not been fully addressed in literature, is investigated by the Gurson–Tver-
gaard–Needleman model.
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I. INTRODUCTION

IN contrast to fusion welding in which base and filler
materials are all melted, the brazing technique melts a
soft and low-melting-point material, such as silver-based
filler, and fills into the narrow gap between two base
materials, such as stainless steels.[1–3] The operation
temperature is much lower than the melting point of the
base materials, and thus their microstructural features
remain unchanged. The convenience of this technique

and the soundness and fidelity of the end products
ensure a wide spectrum of applications and extensive
industrial and academic studies, such as their usage in
automotive, aerospace, and electronic industries,[4–9]

their processing–microstructure–property relation-
ship,[10–12] and more importantly their structural integ-
rity.[13–18] The last one becomes crucial as the brazing
technique becomes a critical repair tool for turbine
alloys at high-temperature operation conditions.
There are two practical issues that have not been fully

understood. First, the low yield strength of the brazing
layer may jeopardize the structural integrity of this
composite structure. Nevertheless, when loaded in the
direction perpendicular to the plane of the brazing layer,
it has been found that the brazed joint has a much
higher tensile strength than that of the soft interlayer.
Refer to the experimental data[3] in Figure 1 and the
geometric setup in Figure 2. The ultimate tensile
strength (UTS) of a pure cast silver is about 100 MPa,
but the UTS of silver brazed joint between two steel bars
can be as high as 800 MPa when the thickness-to-di-
ameter ratio, t=D, is less than one thousandth. This
seems to violate the iso-stress condition since the
‘‘weakest’’ link dictates the overall behavior in a
composite structure in which its components are con-
nected in series. Second, the role of initial defect (voids,
or incomplete filling) on the composite strength and also
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the failure behavior has not been fully understood. Since
the interlayer is extremely thin, it is difficult to realize a
defect-free wetting of the brazing layer into the gap
between base materials. In such circumstances, the
tensile strength of the composite can dramatically drop
but is still higher than the UTS of the silver layer, as
shown in the left portion of Figure 1. Similar observa-
tions have been reported recently for Ni-base superalloy
brazed joints.[7]

Since the strength enhancement is only found when
t=D<< 1, it is necessary to consider the three-dimen-
sional nature of the deformation field in the interlayer.
This phenomenon is often attributed to the triaxial
constrain effect which results into a lower Mises stress in
the brazed interlayer than that far away in the base
material. Nevertheless, several drawbacks are noted that
prevent a quantitative predictive understanding. First,
can we develop approximate solutions for the depen-
dence of stress triaxiality, including its magnitude and
in-plane distribution, on geometric and material param-
eters? Most importantly, is there an upper bound of the
stress triaxiality? Second, how is the superposition of a

triaxial stress state onto a uniaxial one able to increase
the yield strength? Since metal plasticity does not
depend on the hydrostatic stress, the underlying reason
must lie on a stress analysis. Third, ductility of brazed
joints has received little attention in literature, and
especially a quantitative prediction of the role of initial
voids (which is f0 in Figures 11, 12, 13, 14, and 15) on
the strength and ductility of the composite remains
elusive. Quantitative answers to the above questions will
certainly improve our understanding of this phe-
nomenon and also help develop new structural and
material design rules.
This paper is arranged as follows. An axisymmetric

finite element model is constructed in Section II, from
which the overall tensile strength will be calculated with
respect to a wide range of geometric and material
parameters. In addition to the standard Mises plasticity,
the Gurson–Tvergaard–Needleman (GTN) model[19–23]

is employed to predict the role of damage evolution in
strength degradation and ductility limit of this compos-
ite structure. Section III reports the numerical results,
with a focus on the dependence of triaxial and deviatoric
stress states on t=D and the strength ratio of interlayer
and base materials. These observations have motivated
us to develop two asymptotic solutions, one based on
the Bridgman solution of notched bars[24–27] and the
other based on Xia–Shih prediction of the fracture
energy using the void model.[28,29] As will be shown in
Section IV, a quantitative comparison to available
experiments requires strength and ductility simulations
by the GTN model. Concluding remarks and sugges-
tions for future work will be presented in Section V.

II. PROBLEM FORMULATION

In the axisymmetric finite element setup in Figure 2, a
cylindrical rod with the brazed interlayer in the center is
subjected to a faraway tensile load. The entire sample
size, H, is much larger than the rod diameter, D, so that
the only geometric parameter is t=D. In order to avoid
using meshes with extremely high or low aspect ratios,
calculations with t=D< 0.01 require very fine meshes,
leading to a typical number of about 10,000 elements.
The mesh size e in the brazed joint is small enough to
attain numerical convergence and satisfactory accuracy.
For our thinnest case, our simulations ensure a mesh
size of e=t = 0.1.
For the numerical results presented in Section III,

Mises plasticity is used for both base and interlayer
materials, with the power-law hardening,

e ¼
r
E ; r<rY

rY
E

r
rY

� �1=N

; r � rY

(
½1�

where E is the Young’s modulus, rY is the yield stress,
and N is the strain hardening exponent.
A straightforward dimensionless analysis gives the

yield strength of the entire composite structure, rtotalY , as

normalized y that of the base material, rbaseY , by

Fig. 1—The uniaxial tensile strength of a butt joint with a soft
brazing interlayer (cast silver) sandwiched between base materials
(4340 steel). Data are compiled from the ASM Handbook.[3]

Fig. 2—Schematic illustration of the axisymmetric finite element
simulation, geometric parameters, and representative meshes.
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where m is Poisson’s ratio. Representative stress–strain
curves as shown later in Figure 13 clearly indicate the
yield strength. The three dimensionless parameters for
elastic properties, i.e., Ebraze=Ebase, mbase, and mbraze, can
be further reduced to two Dundurs parameters,[30] which
are, however, unnecessary since t=D and rbrazeY

�
rbaseY are

the most important parameters. In our parametric
studies, we simply set mbase = mbraze = 0.3, Ebraze=Ebase

= 1, rbaseY

�
Ebase = 1/1000, Nbase = 0, and Nbraze = 0 or

0.2. Later in this paper, when compared to available
experiments, actual material parameters are used as
given in Tables I and II. Representative values in these
tables also suggest a possible strength variation over a
factor of 10.

For the numerical results presented in Section IV, the
GTN model is used that specifies the yield potential by
Reference 19

U ¼ re
�r

� �2

þ2q1f
� cosh

3q2rm
2�r

� �
� 1þ q1f

�ð Þ2
� �

¼ 0;

½3�

where re denotes the effective stress, rm the mean
stress, �r an equivalent tensile flow stress representing
the actual microscopic stress state in the matrix (i.e.,
Eq. [1]), and q1 and q2 are dimensionless constants
(taken as 1.5 and 1.0, respectively, in our simulations).
The modified void volume fraction, f�, relates to the
void volume fraction f through

f� ¼
f; f<fC

fC þ 1q1�fCð Þ f�fCð Þ
fE�fC

; f � fC

�
½4�

where fC is the critical value for void coalescence to
take place and fE is for the final failure at which there
is a complete loss of stress carrying capacity in the
material (taken as 0.1 and 0.3, respectively, in our sim-
ulations according to Tvergaard[19]). Only void growth
is considered here, as given by

_f ¼ 1� fð Þ_epkk; ½5�

where _epkk is the trace of the plastic strain rate tensor _epij.
Summation convention is implied for repeated Latin
indices. Consequently, the only dimensionless parame-
ter, to be added to Eq. [2], is the initial void volume
fraction, f0.

III. STRENGTH ENHANCEMENT

In this section, finite element simulation results using
Mises plasticity are presented first, followed by the
yield-surface analysis. We then derive two asymptotic
behaviors, one being the analytical solutions based on
the Bridgman notch analysis[24–27] and the other being
the Xia–Shih fracture energy prediction.[28,29]

A. Numerical Results and Yield-Surface Analysis

Because Nbase = 0 and the interlayer is softer than the
base, the yield stress and the onset of interlayer necking
happen together on the overall engineering stress–strain
curves. Contour plots of rtotalY

�
rbrazeY and rtotalY

�
rbaseY are

given in Figures 3(a) and (b), respectively, for Nbraze =
0, and in Figures 4(a) and (b), respectively, for Nbraze =
0.2. When t=D<<1 and rbrazeY

�
rbaseY ! 1, the composite

strength approaches rbaseY , which clearly is the upper
bound limit. While Nbraze affects the necking condition
for a homogeneous braze material, the fact that the
braze layer is thin and sandwiched in two hard materials
leads to negligible effect in the overall strength and
necking condition. Results with mbraze = 0.495 (not
shown for brevity) are also indistinguishable, suggesting
that the elastic incompressibility is not relevant in these
observations.
A stress state can be described by the triaxiality

factor,

T ¼ rm
re

; ½6�

where rm and re are mean stress and Mises effective
stress, respectively. For example, a uniaxial tensile
stress state gives this ratio of mean stress to Mises
effective stress as 1/3. A question that naturally arises
from Figures 3 and 4 is how the stress triaxiality and
strength enhancement are related, both qualitatively
and quantitatively. This can be illustrated nicely in the
principal stress space in Figure 5. Mises plasticity does
not depend on the mean stress, so that the yield sur-
face is a cylinder with its axis lying along the mean
stress direction (i.e., [111] if using the crystallographic
notation). Note that the dashed curves with three rep-
resentative values of f0 are modified yield surfaces in
the GTN model (i.e., Eq. [3]), which are of capsule
shape rather than cylinders. For a homogeneous braze
material under uniaxial tension, the stress state corre-
sponds to Point A in Figure 5,

Table I. Material Properties Used in the Comparison to

Experiments in Fig. 1 from the ASM Handbook.[3]

Material E(GPa) V rY(MPa) UTS(MPa)

4340 Steel 200 0.3 690 950
Silver 100 0.3 100 —

Table II. Material Properties Used in the Comparison to

Experiments in Riggs.
[7]

Material E(GPa) V rY(MPa) UTS(MPa)

IN718 200 0.3 1170 1500
CMSX 200 0.3 930 1060
BNi2-ASZ 180 0.3 1400 —
BNi2-ISZ 180 0.3 200 —

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, NOVEMBER 2020—5589



r ¼
0 0 0
0 0 0
0 0 rzz

2
4

3
5; ½7�

and yield happens at rzz ¼ rbrazeY .
For our composite structure, the stress state in the

brazing layer consists of both hydrostatic and deviatoric
components, given by Point B in Figure 5,

r �
1

1
1

2
4

3
5rm þ

� 1
3

� 1
3

2
3

2
4

3
5re; ½8�

which is obviously approximate since the stress state is
not uniform as will be shown in Figures 6 and 8. The

overall tensile strength corresponds to the stress com-
ponent rzz when yield happens,

rtotalY � rm þ 2

3
rbrazeY ¼ Tþ 2

3

� �
rbrazeY : ½9�

The above dependence of rtotalY on T can also be
visualized by the angle / in Figure 5, which relates to
the stress triaxiality by

tan/ ¼
ffiffiffi
3

p
rmffiffiffiffiffiffiffiffi

2=3
p

rY
¼ 3ffiffiffi

2
p T: ½10�

At Point A, TA ¼ 1=3. As the stress state moves from
Point A to Point B and further, T ! 1 and / ! p=2.

(a) (b)

Fig. 3—Contour plots of (a) rtotalY

�
rbrazeY and (b) rtotalY

�
rbaseY with respect to t=D and rbrazeY

�
rbaseY . Both materials are elastic-perfectly plastic (i.e.,

N=0).

(a) (b)

Fig. 4—Contour plots of (a) rtotalY

�
rbrazeY and (b) rtotalY

�
rbaseY with respect to t=D and rbrazeY

�
rbaseY . For the brazing layer, N = 0.2. The base

material is elastic-perfectly plastic.
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B. Bridgman Asymptote

With a fixed ratio of rbrazeY

�
rbaseY = 0.05, Figure 6

shows the stress triaxiality distributions along the
central cross-sectional plane (z = 0) and the plane of
r; zð Þ, with respect to a wide range of the geometric ratio
of t=D. With the decrease of t=D, T not only increases
but also distributes more evenly along the r direction, at
which the approximate solution in Eq. [9] becomes more
accurate. In order to find out an approximate solution
for the stress triaxiality, we notice the severe necking at a
low t=D, which resembles the Bridgman problem for the
notched bar in Figure 7 when the diameter of the
notched zone is not much smaller than that of the base
material.

The Bridgman solution is given by Reference 24

T ¼ rm
re

� 1

3
þ ln

a

2q
þ 1

� �
; ½11�

where a is the outside radius of the cross section and q
is the radius of curvature at the notch root. Without
the notch, the stress field is uniaxial and thus T = 1/3.
It should be noted that the Bridgman solution works
for the fully plastic deformation, but not for the elastic
deformation. In our simulations in Figure 6, we notice
the severe necking because of the soft brazing layer, so
that we can take a � D=2 and q � t=2. Of course, our
problem differs from Bridgman setup in Figure 7, for

we have a soft interlayer. Nevertheless, the condition
of t=D<< 1 suggests that the fully plastic field can still
borrow the Bridgman solution, as our goal is to
develop an approximate yet analytical solution for
Eq. [9]. Consequently, combining Eqs. [9] and [11]
gives our Bridgman asymptotic solution,

rtotalY

rbrazeY

� 1þ ln
D

2t
þ 1

� �
: ½12�

This predicted logarithmic dependence on t=D agrees
well with the trends in Figures 3, 4, and 6. It should also
be pointed out that the above result resembles the
solution of compression tests with an infinite friction
between specimen and loading platens.

C. Xia–Shih Asymptote

With a fixed ratio of t=D = 0.01, Figure 8 shows the
stress triaxiality distributions with respect to a wide
range of the strength ratio of rbrazeY

�
rbaseY . For such a

thin brazing interlayer, the softer the brazing material,
the stress triaxiality indeed goes higher, but the distri-
bution becomes less uniform. As indicated by the
example with rbrazeY

�
rbaseY = 0.1, the highest value of T

is located in a ring of about D=6 away from the outer
surface. This dependence of T distribution on

Fig. 5—The yield surface in Mises plasticity is a cylinder in the principal stress state. A uniaxial loading of a homogeneous material will take the
path of OA (T ¼ 1=3), while the butt joint structure corresponds to the stress state at B (T>1=3) that has a superposition of hydrostatic and
deviatoric stresses as given in Eq. [8]. Stress triaxiality T is proportional to tan/. Dashed curves are modified yield loci with several
representative values of initial porosity, f0, in Eq. [3].
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rbrazeY

�
rbaseY is rationalized in this subsection by the

Xia–Shih model.[28]

As the soft brazing interlayer can be viewed as
softened by initial voids or porosities, our problem
resembles the fracture energy predictions by Xia and
Shih,[28] using a cell model ahead of the crack tip in
Figure 9. In the cells far away from the crack tip, the
porosity is the initial value, f0. Voids can be either

explicitly simulated or smeared out by the GTN model.
The crack tip is determined when the porosity reaches fE
at which the porosity coalesces to form new crack
surfaces and therefore the crack advances. Conse-
quently, this setup leads them to compute the entire
R-curve as shown in Figure 10. The initial fracture
energy scales as C0 / rYd, and the fracture energy
eventually reaches a steady-state plateau value, Css. The
critical extension of the crack, Dacrt=d, to reach this
steady-state value is sensitive mostly to f0 and N.
It should be reminded again that our goal in this

subsection is to provide a mechanistic interpretation of
the triaxiality distribution in Figure 8, especially the
‘‘annular’’ one for the soft interlayer. Because of the
presence of the soft brazing layer, the overall deforma-
tion leads to the appearance of notch that resembles a
ductile crack tip for a very small t=D ratio in Figure 8.
Next, we make the analogy between a very soft
interlayer (bottom row in Figure 8) to a highly damaged
strip (high f0 value in Figure 9). With a small initial
porosity (i.e., corresponding to a not-so-soft interlayer
in our problem) and a large strain hardening exponent,
such as f0 = 0.001 and N = 0.2, Dacrt=d is about 20. In
other words, the crack-tip plastic zone is considerably
large. Referring to our geometric setup in Figure 8 that
resembles an externally circular crack, the large crack-
tip plastic zone extends from outside towards the center
of the circular brazing plane, thus leading to the

Fig. 6—Contour plot of the triaxiality distribution in the cross section (z ¼ 0) and r; zð Þ plane with respect to several values of t=D.

Fig. 7—Construction of the Bridgman limit solution from a notched
bar.
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accumulation of T as shown by the actual simulation
results in the top rows in Figure 8 and schematically in
the top right in Figure 10. On the contrary, with a large
initial porosity (i.e., corresponding to a soft interlayer in
our problem), Dacrt=d is small. For the setup in Figure 8,
this corresponds to a small crack-tip process zone, so
that the peak value of T lies not far from the boundary
of r ¼ D=2, as shown by the simulation results in the
bottom rows in Figure 8 and schematically in the lower
right in Figure 10. Consequently, using the numerical
results from Xia and Shih,[28] the predicted dependence
of rtotalY

�
rbaseY on rbrazeY

�
rbaseY in our problem agrees

nicely with the trends in Figure 8.

Finally, we should point out that the use of Xia–Shih
model is to provide a mechanistic interpretation of the
annular distribution of stress triaxiality in Figure 8
where finite element simulations are not performed with
the GTN model.

Fig. 8—Contour plot of the triaxiality distribution in the cross section (z ¼ 0) and r; zð Þ plane with respect to several values of rbrazeY

�
rbaseY .

Fig. 9—A ductile crack growth model, as schematically illustrated by
following the work of Xia and Shih.[28]

Fig. 10—Schematic illustration of the fracture energy with respect to
the normalized crack extension, Da=d. The steady-state limit, Css,
increases with the decrease of initial porosity and the increase of
interlayer strength.
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IV. DAMAGE ANALYSIS AND EXPERIMENTAL
COMPARISONS

A. Ductility Degradation

In brazed joints, defects are inherently found within
the interlayer due to incomplete gap filling, especially
when the interlayer is very thin. Experimental results in
Figure 1 demonstrate the sensitivity to such an initial
defect. Before making any attempts to compare to
available experiments, we need to first conduct a
damage analysis. Starting from results in Figure 4 and
using f0 = 0.02 in our GTN model, Figure 11 shows
that the composite strength decreases dramatically from
the no-damage results, with respect to the decrease of
t=D and rbrazeY

�
rbaseY . Representative failure modes, as

shown by the contours of f in Figure 12, demonstrate
the normal crack at the center and shear crack near the
perimeter.

For the two cases in Figure 12, their corresponding
engineering stress–strain curves are given in
Figure 13(a), showing that thicker interlayer case
(Figure 12(b)) leads to a higher ductility than the
thinner interlayer case (Figure 12(a)). Interestingly, this
finding is opposite to the no-damage simulation results,
as also plotted in Figure 13(a), which shows the thinner
interlayer case has a longer failure strain. As results in
Figure 13(a) correspond to the cases in Figure 6, addi-
tional simulations were conducted to compare to the
cases in Figure 8 where t=D is fixed. The ductility of
no-damage cases extends to very far away and goes
beyond the simulation accuracy. Nevertheless, the
damage model is trustworthy and predicts that the soft
interlayer case has a reduced ductility. Results in
Figure 13 can be understood and summarized from
the underlying mechanisms that dictate the ductility, as
presented below.

� For interlayers without damage (i.e., not employing
the GTN model) or with high quality (i.e., extremely
low f0 when using the GTN model), the ductility is
determined by necking. Because the necking strain of
the interlayer material is typically much lower than
that of the base material, the ductility will be
retained as that of the base material when the
interlayer is thin. Thicker interlayers will reduce
both the overall strength and ductility.

� For ‘‘poor’’ interlayers (i.e., noticeable f0 in the
GTN model), the ductility is dictated by the void
process in the interlayer. Under such circumstances,
while the Bridgman asymptote predicts a higher
composite strength for a thinner interlayer, the
corresponding ductility unfortunately gets poorer.
On the other hand, as the Xia–Shih asymptote
predicts a higher composite strength for a harder
interlayer, the corresponding ductility gets better
accordingly.

B. Comparisons to Literature Experiments

Two sets of literature experimental data are examined
from our damage simulations, including the data in
ASM handbook[3] (Figure 14) and those in a doctoral
thesis from The Ohio State University (OSU)[7]

(Figure 15). In Figure 14, the base and braze materials
are 4340 steel and cast silver, respectively, with their
mechanical properties given in Table I. The measured
UTS of the composite lies between our simulation
results with f0 = 0 and 0.02. For a higher t=D,
experimental data are closer to simulations with f0 =
0.02, which can be interpreted by the tendency of having
more solidification-induced porosities in the thick inter-
layer. In Figure 15, two types of Ni-base superalloys,
IN718 and CMSX-4, are used as base materials, and the
brazing interlayer is BNi2, with their mechanical prop-
erties given in Table II. Since the filler material experi-
ences melting and solidification, Riggs[7] has identified
two regimes of the brazing layer: the hard centerline
eutectic zone or athermally solidified zone (ASZ), and
the soft isothermally solidified zone (ISZ). Our simula-
tions using the GTN model do not show much reduction
of the composite strength when changing f0 from 0 to
0.02, most likely because of the high strength of BNi2
ASZ intermediate layer. Additional calibration of model
parameters is required to make improved comparisons
to these experiments.

V. CONCLUSIONS

Brazing technique has found widespread applications
and successes in automotive, aerospace, and electronic
industries. However, two critical issues have not been
fully understood, including (1) the enhanced composite
strength than that of the brazing interlayer, and (2) the
role played by the void and damage processes on
strength and ductility of the composite structure.

Fig. 11—The composite strength degrades with the consideration of
damage evolution.
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For the first issue, based on extensive finite element
simulations of the stress–strain curves, together with the
calculated stress triaxiality distribution, the observed
strength enhancement can now be quantitatively under-
stood. The superposition of a triaxial stress state will

Fig. 12—Contour plot of the porosity, f, in the brazing interlayer withrbrazeY

�
rbaseY ¼ 0:1, t=D=0.05 in (a) and 0.1 in (b). Elements with porosity

reaching fE have been deleted, showing the central normal crack and the shear crack near the perimeter.

Fig. 13—Representative stress–strain curves: (a) rbrazeY

�
rbaseY ¼ 0:1,

varying t=D, and with or without initial porosity (refer to Fig. 6 for
contour plots of no-damage cases); (b) t=D ¼ 0:01, varying
rbrazeY

�
rbaseY , and with or without initial porosity (refer to Fig. 8 for

contour plots of no-damage cases).

Fig. 14—Comparison between simulated (solid curves and filled
symbols) and experimental (open symbols) strength data.
Experimental data are compiled from the ASM Handbook.[3]

Fig. 15—Comparison between simulated (solid curves and triangles)
and experimental (circles) strength data. Experimental data are
compiled from a doctoral thesis in The Ohio State University.[7] See
text for details on the schematic illustration of the multilayered
structure in the braze.
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increase the tensile yield strength by T� 13ð ÞrbrazeY ,
according to Eq. [9]. A geometric illustration is pre-
sented in Figure 5 by the yield surface in the principal
stress space. Two asymptotic solutions are derived to
explain the limit behavior of finite element simulation
results in Figures 3 and 4. The Bridgman asymptote in
Eq. [12] explains the dependence on t=D, while the
Xia–Shih asymptote in Figure 10 rationalizes the depen-
dence on rbrazeY

�
rbaseY .

For the second issue, damage evolution has been
computed in the three-dimensional manner. Along the
Bridgman asymptote, the strength improvement is
accompanied with the ductility degradation. However,
along the Xia–Shih asymptote, the improvement of
strength and ductility occurs simultaneously. Experi-
mental comparisons can only be made quantitative by
considering the damage evolution, as shown by our
numerical simulations based on the GTN model. Par-
ticularly, the initial porosity and microstructural fea-
tures in the brazing interlayer need to be carefully
quantified. These damage simulation results suggest
useful directions for design reliable brazed joints,
because the actual experiments may not retain a
complete filling (e.g., Figure 1) and the widespread
onset of damage near the edge may suggest microstruc-
tural or other approaches to inhibit its occurrence.
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