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Copper base stainless steel plate-fin structure has been widely used as a heat exchanger in many fields. The
nonlinear thermal reaction on the residual stress in brazing process of the plate-fin structure was studied in
this paper. A finite element model (FEM) was proposed to simulate the heat transfer and the sequential
residual stress generated in the plate-fin and filler metals based on thermal elastic-plastic theory. By the
stress distribution in four paths marked in the structure obtained from FEM results, it is found that the
maximum residual tensile stress occurs in the brazed joint next to the plate side and a crack would initiate
in this region. Also, the first principle stresses of reference nodes were calculated and the conclusion is
consistent with the simulation results. These results would provide some constructive instructions in the
practical brazing procedure.
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1. Introduction

Plate-fin heat exchangers, as a type of compact exchang-
ers, are becoming important components in the fields of
electronics, aerospace, and petrochemical engineering (Ref 1).
Basically, a PEHE is comprised of layers of corrugated fins
separated from one another by flat plates, typically stainless
steels, and seals along the edges with bars (Ref 2, 3). Prior
studies have shown that the vacuum brazing has been proved
to be a good method to manufacture stainless steel PEHE due
to its significant reduction in size, weight, and footprint to
save, and also very large area per unit volume combined with
very high heat transfer coefficients (Ref 4, 5). The fins and
the plates are connected during fusion of the filler metals in
between by elevating the temperature to an optimum value.
Copper and copper-based alloys are representative filler
metals in brazing technologies distinguished by excellent
wetting and flowing abilities (Ref 6). More recent papers
have described experiments and research relating to the
problems encountered in the process of brazing, among
which the most serious problem is the large residual stress
(Ref 7-9). As a result of the joint influence of self-restraint,
fixture, thermal cycling and small thickness of fins and plates,
it is of significant importance to control the residual stress
and thermal deformation during the integral forming of plate-
fin structure in the furnace brazing in order to obtain a
desirable manufacturing accuracy and reliability (Ref 10-12).
Inevitable residual stresses developed in the braze process

due to large differences in the thermal expansion coefficients
will increase the susceptibility to brittle fracture, fatigue
damage, and stress corrosion cracking (Ref 13). In addition,
the presence of residual stress would have a great impact
on the creep deformation, which is the major failure mode,
when the structure is served in high temperature conditions
(Ref 14).

In this work, the software of ABAQUS was adopted to
simulate the brazing temperature field for the joint between
SS304 plate-fins to pure copper fillers and the sequential
coupling thermal residual stress.

2. Calculation Steps

2.1 Assumptions

In view of the complexity of practical brazing procedure,
such as the metallurgical reaction, the diffusion reaction, and
the microstructure change of joint, some issues would be
assumed and simplified in the simulation: (1) Both the base
metal SS304 and the copper filler are supposed to take an
elastic-plastic deformation. (2) Both the materials are treated as
isotropic, linear elastic and plastic, and the mechanical and
physical property parameters are assumed to be temperature
dependent. (3) The dissolution and diffusion of filler metal to
base metal, and the flow of liquid filler metal at brazing
temperature are ignored. (4) The capillary reaction of filler
metal is also ignored.

2.2 Calculation of Residual Stress

For the thermal elastic-plastic FEM calculation of the
residual stress for copper base brazed stainless steel plate-fin
structure unit in this paper, stresses in the following directions
were defined for evaluating the brazed structure: r11 in one-
direction, r22 in two-direction, s12 in 12-plane. Based on the
principle distortion energy theory, cracking and extension of
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planar fracture can be investigated by first and second principle
stresses (Ref 15):
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where r1 is first principle stress; r2, second principle stress;
r11, longitudinal stress; r22, transverse stress; and s12, shear
stress.

According to this evaluation standard for joint cracking, the
initial cracking location of brazed joint is corresponding with
the maximum value of first principle stress and the extension of
the crack matches with the distribution of second principle
stress. Only the first principle stress is of concern in the paper,
aiming at verifying the conclusion drawn by simulation.

3. FEM-Techniques Using ABAQUS

3.1 Simulation Parameters

Due to periodical repetition of the plate-fin structure, only a
unit of the plate-fin was studied. Figure 1 depicts the geomet-
rical size of the unit in detail. Table 1 lists material properties

for pure copper and SS304, which were obtained by thermal
analysis experiments and tensile test at high temperature.

The reduced integration of C2D4R continuum element and
CPE4R plane strain element, with four integration points of
Standard FE was used in the transient heat transfer and stress
analysis, respectively. Figure 2 shows the FE meshed model of
the plate-fin unit, with 2188 nodes and 1984 elements.

3.2 Boundary Conditions

Figure 3 shows the seven temperature stages in the vacuum
brazing: (1) vacuum pumping; (2) heating to 950 �C (5700 s);
(3) holding at 950 �C (1800 s); (4) heating to the brazing
temperature 1140 �C (2280 s); (5) holding at 1140 �C (3600 s);
(6) furnace cooling (2400 s); and (7) natural cooling (4200 s).
The temperature curve should be applied in the thermal analysis
for all the nodes. Besides, transient heat transfer generated by
furnace radiation as well as the heat lost in this procedure need
to be considered. Regards to the cavity enclosed by fins and
plates where furnace radiation cannot work, cavity radiation
ought to be added (Ref 16, 17). The reaction of heat reflection
is expressed as (Ref 18):
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where q is unit heat flux; B, Stefan-Boltzmann constant; w,
surface emissivity; F, view factor; C reflection matrix of sur-
face; and T, temperature.

As for the stress analysis, the temperature obtained in the
former step was loaded in all the nods as the temperature field
boundary. Further, nodes on the lower surface were constrained
in two-direction, and those on the leftmost and rightmost
surfaces were constrained in one-direction. Besides, a uni-
formed load of 0.5MP was distributed on the top surface to
simulate the loads generated by the claming fixture, as depicted
in Fig. 2.

4. Results and Discussion

In the residual distribution field, there was a distinct stress
gradient in the brazed joint. For the sake of a better
understanding, four reference paths were selected, as marked
in Fig. 2. Path P1 is the interface between the fin and filler; path
P2 is in the middle of the brazed joint; path P3 is the interface
between the filler and the plate; path P4 is passing though the
fin, the fillet, and the plate all together.Fig. 1 Sketch diagram of the plate-fin structure

Table 1 Material parameters used in FEM simulation

Material
Temperature,

�C
Conductivity,

W m/�C
Specific heat,
J/(kg �C)

CET (1026),
1/�C E, GPa

Poisson�s
ratio

Yield stress,
MPa

SS304 20 15.26 504 16.0 199 0.28 206
400 20.2 582 18.1 166 0.26 108
600 22.8 634 18.6 150 0.25 82
1000 28 738 20.0 100 0.24 48

Pure copper 20 400.68 383.48 16.8 117 0.34 210.74
400 422.42 374.65 18.3 92 0.32 110
600 360.96 473.82 23.1 84 0.31 10
1000 331.68 504.00 39.7 30 0.31 ÆÆÆ
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Figures 4-6 exhibit the residual stress distribution of the
three paths in the bottom filler, respectively. From the three
figures, the two normal stresses are symmetrically distributed
while the shear stress is unsymmetrical. It also can be seen that
the longitudinal stresses are prominent while the transverse and
shear stresses are relatively small. It is the longitudinal stress
that has the main influence on the strength of the filler metal.

In Fig. 4, transverse and shear stress have their peak values
(28.9 MPa for r22 and 59.2 MPa for s12) on the two ends of the
path while the maximal longitudinal stress (140.3 MPa) locates
on the middle of the path. The same conclusion could be drawn
for path 2 in Fig. 5. But its peak stress values (142.5 MPa for
r11, 52.4 MPa for r22, and 81.1 MPa for s12) are larger than
those of path 1.

In Fig. 6, it can be easily found that the longitudinal stress
has transferred its peak value location from the middle part to

Fig. 2 FE model

Fig. 3 Steps for whole brazing process

Fig. 4 Residual stress distribution of P1

Fig. 5 Residual stress distribution of P2

Fig. 6 Residual stress distribution of P3
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the ends of the path. Actually, all the three stress components
have their maximum values on the two terminals of the path.
This is because the melting filler copper is squeezed out of the
brazing seam, forming small transitional arcs in the two ends,
which are known for brazed joints. Due to the mismatching
thermal expansion coefficients between copper filler metal and
SS304 base metal in the heating stage as well as the dissimilar
shrinkage in the cooling process, the largest residual stress
occurs in the region of brazed joint. The maximum longitudinal
stress is as large as 274.8 MPa, which has exceeded the yield
stress of copper. When the plate-fin structure is served under
extreme conditions (high temperature, high pressure, and
corrosion), the high tensile residual stress in the brazed joint
would induce stress cracking and result in failure, eventually.

Figure 7 displays the residual stress distribution of path P4.
The stress gradient around the brazed joint is much large. In the
vertical direction, the transverse and shear stresses of fin are
around zero. When approaching the brazed joint, the residual
stress is presented with a remarkable elevating trend and
reaches the highest value in the interface between base metal
and filler. While in the plate, the values of stress decrease a
little, but are much higher than those in the fin. The same
conclusion can be drawn that the brazed joint near the plate side
suffers the maximum residual stress.

Figure 8 shows reference nodes selected in path P4, and
Fig. 9 presents the first principle stress for each node. From the
calculated results, it is visible that points 6 and 7 which located
in the brazed joint near the top surface of the plate are with
higher values. This means that the cracking failure would occur
in the area of brazed joint next to the plate side firstly.

5. Conclusions

In this work, the residual stress in copper base brazing
stainless steel PFHE was presented by means of heat transfer
and a sequential thermal-mechanical coupling standard FEM
codes in ABAQUS.

The brazing temperature field obtained in the transient
thermal analysis was successfully added into the stress analysis
based on thermal elastic-plastic theory in order to get the
brazing residual stress. The brazed joints of plate-fin structure
suffer the largest residual stress due to expansion and shrinkage
caused by the material properties mismatch between copper
filler metal and SS304 base metal, which makes the joint highly
susceptible to cracking. The conclusion is also verified by
studying of first principle stress, which is used to estimate crack
extension of planar fracture basing on the principle distortion
energy theory.
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