Effect of post-weld heat treatment on joint
properties of friction welded joint between
brass and low carbon steel
M. Kimura*1, M. Kusaka1, K. Kaizu1 and A. Fuji2
This paper describes the effect of post-weld heat treatment (PWHT) on joint properties of
copper-zinc alloy (brass) and low carbon steel (LCS) friction welded joints. The as-welded joint
obtained 100% joint efficiency and the brass base metal fracture without cracking at the weld
interface, and had no intermetallic compound (IMC) layer. The joint efficiency with PWHT
decreased with increasing heating temperature and its holding time, and its scatter increased
with increasing those parameters. When the joint was heat-treated at 823 K for 360 ks, it did
not achieve 100% joint efficiency and fractured between the weld interface and the brass base
metal although it had no IMC. The cracking at the peripheral portion of the weld interface was
generated through PWHT. The cracking was due to the dezincification and the embrittlement of
the brass side during PWHT.
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Introduction
Generally speaking, the possibility of generating the
intermetallic compound (IMC) for the friction welding
method is lower than that of the fusion welding method,
since strong plastic flow is produced at the weld interface
1,2
and its adjacent region during the friction process.
However, several friction welded joints for dissimilar
3
materials had brittle IMC. Hence, control of the IMC for
a dissimilar joint is more important for making a sound
joint because the IMC exerts an effect on the joint
characteristics. On the other hand, it has been noted that
the joint strength was decreased due to generating the
IMC by the interdiffusion of both materials used when a
sound dissimilar joint with no IMC was used under high
4-11
temperature. That is, it is considered that the IMC is
generated at the weld interface of the dissimilar joint by
post-weld heat treatment (PWHT) and that affects the
joint properties. Hence, a selection guideline for the
designs of the dissimilar joint for industrial use is strongly
required, although the joint properties of several dissimilar
10-14
joints improved with PWHT.
From the viewpoint of
scanty generating for the ICM under the conditions of the
melting point or lower, it is considered that the dissimilar
joint between copper (Cu) or its alloys and steel is useful
at relatively high temperature conditions because those
15
combinations had relatively poor interdiffusion. Some
researchers have reported that the mechanical and
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metallurgical properties under the as-welded condition of
friction welded joints between Cu or its alloys and steel
16-21
show desirable characteristics.
However, the joint
properties with PWHT conditions were not investigated.
22,23
In previous works,
the authors clarified the joining
phenomena and tensile strength of the friction welded
joint between pure Cu or its alloys and steel. The authors
also presented the friction welding conditions for the base
metal fracture in Cu or its alloys with no cracking at the
weld interface. The authors also showed that those joints
had no IMC layer. However, the joint properties during
PWHT conditions for industrial usages were not
investigated. In particular, clarifications of PWHT
conditions on the joint properties are strongly required
because an expansion in the use of dissimilar friction
welded joints is expected.
Based on the above background, the authors have been
carrying out research to clarify the joint properties
between dissimilar materials during PWHT. In the present
work, the authors investigate the effect of PWHT on joint
properties of friction welds between a typical Cu alloy,
i.e. alpha-beta brass (Muntz metal), and low carbon steel.
The authors also show the joint tensile strength under
various PWHT conditions and demonstrate the cause of
the joint fracture during PWHT.

Experimental procedure
The materials used were alpha-beta brass (referred to as
brass) plate with a thickness of 16 mm, and low carbon
steel (referred to as LCS) rod with a diameter of 16 mm.
The chemical composition of brass was 60.0Cu-40.0Zn in
mass%, the ultimate tensile strength was 391 MPa, the
0.2% yield strength was 247 MPa, and the elongation was
46%. The chemical composition of LCS was 0.16C0.45Mn-0.20Si-0.12P-0.18S in mass%, the ultimate tensile

strength was 451 MPa, the yield strength was 284 MPa,
and the elongation was 36%. The brass plate was cut in a
rectangular shape along the rolling direction, and then
machined to a 12 mm diameter for the weld faying
(contacting) surface. The LCS rod was also machined to a
12 mm diameter for the weld faying surface. All weld
faying surfaces of specimens were polished with a surface
grinding machine before joining in order to eliminate the
effect of surface roughness on the mechanical properties
of joints. The materials used and specimen shapes were
23
identical to those in a previous report.
A continuous (direct) drive friction welding machine,
which had an electromagnetic clutch in order to prevent
braking deformation during the rotation stop, was used for
the joining. During the friction welding operations, the
friction welding condition was set to the following
-1
combinations: a friction speed of 27.5 s (1650 rpm), a
friction pressure of 90 MPa, a friction time of 1.5 s, a
forge pressure of 90 MPa, and a forge time of 6.0 s. The
details of the joining method have been previously
24,25
described,
and the friction welding condition was also
23
determined in the previous report. That is, when the joint
was made with this condition, it had the tensile strength
of the brass base metal and the brass base metal fracture
with no cracking at the weld interface. In addition, this
joint had no IMC layer. The details of the joint
23
characteristics have been also previously described. All
joint tensile test specimens were machined to 12 mm in
diameter and 84 mm in parallel length. Following the

mechanical processing operation, the joint was heat
treated in a vacuum environment of approximately 0.1 Pa
-4
(7.5×10 torr) at heating temperatures of 623, 723, and
823 K (350, 450, and 550 ℃ ) for holding times of 3.6,
36, and 360 ks (1, 10, and 100 hours). A heating
temperature of 623 K was set, and that was higher than
the stress-relieving temperature and lower than the
26
annealing temperature. Also, the heating temperatures of
723 and 823 K were set within the annealing
26
-1
temperature. The heating rate during PWHT was 2 Ks
and all joints were immediately air cooled at a room
temperature following known holding times. After the
PWHT operation, a joint tensile test was carried out at
room temperature. Analysis via EDS was carried out to
analyze the chemical composition in the weld interface
region.

Results

Joint tensile strength
Figure 1 shows the relationship between the heating
temperature and the joint efficiency. The joint efficiency
was defined as the ratio of joint tensile strength of the
PWHT joint to the ultimate tensile strength of the brass
base metal that was treated with the same PWHT
conditions. Figure 2 shows the examples of the
appearances of joint tensile test specimens after tensile
testing. The as-welded joint had 100% joint efficiency and
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the brass base metal fracture with no cracking at the weld
interface, as shown in Fig. 2a. However, the joint
efficiency decreased with increasing heating temperature
and its holding time (see Fig. 1). Moreover, the scatter of
the joint efficiency increased with the increase of those
PWHT parameters. Several PWHT joints with the base
metal fracture had cracking at the weld interface. When
the joint was heat-treated at 823 K for 36 ks or longer, all
joints were fractured between the weld interface and the
brass base metal (referred to as mixed mode fracture), as
shown in Fig. 2b. The fractured surfaces as shown in Fig.
3 demonstrated a relatively flat plane in comparison with
23
that of the as-welded joint. That is, the roughness of the
fractured surfaces was small. Figure 4 shows the
27
relationship between the Larson-Miller parameter (LMP)
and the joint efficiency. LMP was defined as shown in
following equation:

LMP = T (log 10 t + 20 )

(1)

where T is heating temperature [K] and t is PWHT
holding time [h]. The joint efficiency decreased with
increasing LMP value. In particular, almost all joints had
the mixed mode fracture when the LMP value was larger
than approximately 14,000. That is, the fact that the joint
efficiency was decreased was due to PWHT for the joint.

Observation of weld interface region
Figure 5 shows the SEM images and EDS analysis results
at the half-radius portion of the weld interface region for
the joints. One of the joints was the as-welded joint, and
the other one was the PWHT joint which was heat-treated
at 823 K for 360 ks. The weld interface of the as-welded

6 Ternary alloy phase diagram of Cu, Fe and Zn
28
at temperature of 923 K

joint was clear, and the distribution lines corresponding to
Cu, Fe, and Zn by EDS analysis had no plateau part at
the weld interface (Fig. 5a). The weld interface of the
PWHT joint was also clear and the distribution lines had
no plateau part, although Zn content at the adjacent region
of the weld interface on the brass side of it was a little
higher than that of the as-welded joint (Fig. 5b). Other
PWHT joints also did not have the IMC layer, based on
the SEM observation level, although that data was not
shown due to space limitations. That is, even if the joint

interface indicated by the ellipse in Fig. 7b. The crack
length increased with increasing heating temperature and
its holding time. Hence, the cracking by PWHT seems to
be a cause of the decrease of the joint efficiency.
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was treated with PWHT, an IMC layer was not observed.
Figure 6 shows the ternary alloy phase diagram of Cu, Fe
28
and Zn at temperature of 923 K (700 ℃ ). The IMC
layer was not easily formed at this temperature. The
welding and PWHT temperatures were lower than that of
this temperature. Therefore, this result also suggested that
the IMC layer was difficult to generate from the ternary
alloy phase diagram with the material combination in this
study.
Figure 7 shows the cross-sectional appearances of the
weld interface region for the as-welded and PWHT joints.
The as-welded joint had no defect at the weld interface, as
shown in Fig. 7a. However, the PWHT joint had defects
such as the cracking at the peripheral portion of the weld

(a) 623 K -360 ks
Flat plane area

Figure 8 shows the fractured surfaces at the peripheral
portion of the LCS side for joints with the mixed mode
fracture after tensile testing. The peripheral portion at the
fractured surfaces of the joint, which was heat-treated at
623 K for 360 ks, had a slight flat plane from the outer
surface to the centre axis direction, as shown in Fig. 8a.
When the joint was heat-treated at 723 or 823 K for 360
ks, the peripheral portion of the fractured surfaces also
had the flat plane (see Figs. 8b and 8c). The area of the
flat plane at the peripheral portion increased with
increasing heating temperature and its holding time. In
addition, this flat plane was slightly rough compared with
the other part of the fractured surface. All of the other
PWHT joints with the mixed mode fracture had the flat
plane. Thus, the decline of the joint efficiency with
PWHT was due to a cracking during PWHT.
Figure 9 shows the SEM micrographs of fractured
surfaces at the half-radius portion of the LCS side for
joints with the mixed mode fracture after tensile testing,
corresponding to the results of the brass base metal. In
this case, the tensile test of the brass base metal was
carried out after PWHT operation, which was treated with
the same PWHT condition for the PWHT joint. All
fractured surfaces of the brass base metal had a dimple
pattern. Thus, the fracture of the brass base metal was a
typical ductile fracture. On the other hand, the fractured
surfaces of the joint, which was heat-treated at 723 and
823 K for 360 ks, did not have a dimple surface although
that at 623 K for 360 ks had a dimple pattern similar to
the brass base metal. That is, the fracture of the joint at a
heating temperature of 723 K or over was a typical brittle
fracture. Therefore, the decreasing joint efficiency was
due to the embrittlement at the weld interface of the brass
side.

Investigation of weld interface fracture
result
Since it was considered that the cracking was generated at
the weld interface during the air cooling after PWHT due
to the difference of the coefficient of linear expansion
between materials used, the effect of the cooling speed on
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Cooling
method
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cooling
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Results of tensile test of joints at
various cooling processes for joints
with 723 K -360 ks
Tensile strength, MPa Joint efficiency, %
Range
Average
Range
Average
271-343

301

86.0-108.9 95.5

267-316

287

84.8-100.3 91.2

Table 2 Results of tensile test specimens with
various diameter for joints with 823 K
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Specimen
diameter,
mm
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Tensile strength, MPa Joint efficiency, %
Range
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Average
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joint properties was investigated. Table 1 summarises the
results of tensile test of joints at various cooling processes
that were heat-treated at 723 K for 360 ks. In this case,
the cooling time of furnace cooling from PWHT
temperature until room temperature was about 2 days. The
tensile strength and joint efficiency of the joint with
furnace cooling were similar to that with air cooling. That
is, the joint with furnace cooling did not achieve 100%
joint efficiency, and all joints had the mixed mode
fracture. Also, the cross-section of the joint with furnace
cooling had cracking at the weld interface. Therefore, it
was clarified that the cracking at the weld interface of the
joint was generated during PWHT. The cracking at the
peripheral portion of the weld interface seems to be a
cause of the difference of the coefficient of linear
expansion between the brass and LCS.
To remove the cracking at the weld interface of the
joint, a joint tensile test was carried out with a specimen
with 9 mm in diameter at the parallel part because the
maximum crack length was approximately 0.5 mm from
the outer surface of the joint in this experiment. Table 2
summarises the results of tensile test specimens with
various diameter that were heat-treated at 823 K for 360
ks. In this case, joints were treated with air cooling, and
the joint tensile test specimen was machined after PWHT.
The joint with 9 mm in diameter at the parallel part also
did not achieve 100% joint efficiency, and all joints had
the mixed mode fracture. Moreover, the fractured surface
was similar to the joint with 12 mm in diameter. Hence, it
is considered that the joint did not achieve 100% joint
efficiency due to the embrittlement at the weld interface
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of the brass side.
Figure 10 shows the SEM image and EDS analysis
result at the peripheral portion of the weld interface
region of the joint, which were heat-treated at 823 K for
360 ks. In this case, the peripheral portion of the joint
showed the opposite of that in Fig. 7b. The distribution
lines corresponding to Cu, Fe, and Zn by EDS analysis
had no plateau part. Hence, the joint also had no IMC
layer at the peripheral portion. However, Zn content was
lower than that of the half-radius portion (see Fig. 5b).

That is, Zn content differed in the measuring portion
although the observed joint was the same. In addition, the
ratio of Zn content to Cu content at the peripheral portion
was decreased to about 60% in comparison with that of
the as-welded joint. That is, Zn content at the peripheral
portion of the brass side was vaporized in a vacuum from
the peripheral surface of it, although that at the other
portions was hardly vaporized because those portion was
not adjacent to the peripheral surface. Therefore, it was
clarified that the Zn content of the brass base metal at this
region was decreased by PWHT.

Discussion

Based on the above results, the fact of the decline in joint
properties by PWHT was considered as follows. The Zn
in the brass was vaporized in a vacuum, and its volume
increased with increasing heating temperature and its
29-32
holding time.
Moreover, the body volume of the brass
was constricted by vaporization of Zn during heat
33-37
treatment.
It is considered that the constricted body
volume of the brass increased with increasing heating
temperature and its holding time, and the decreasing joint
efficiency through PWHT was due to the dezincification
and constriction of the brass side. That is, the body
volume of the brass side will be constricted by
vaporization of Zn in a vacuum, and also the cracks will
be generated at the weld interface by the difference of the
coefficient of linear expansion between the brass and
LCS. If the mixed mode fracture of the joint was
produced by only cracking, that should be a fracture at the
brass base metal. However, the joint with 9 mm in
diameter at the parallel part of the tensile specimen did
not achieve 100% joint efficiency, and it had the mixed
mode fracture (see Table 2). Therefore, another factor
seems to be the cause of the mixed mode fracture for the
joint. On the other hand, it is considered that the brass
with high residual stress easily became embrittled due to
the growth of the intercrystalline void and the grain size
38-40
of the brass.
In addition, the residual stress adjacent
region of the weld interface will be able to be estimated
as higher than that of the other part, and which result was
41-45
also described in some reports.
That is, it is considered
that the susceptibility of embrittlement of the adjacent
region at the weld interface for the PWHT joint is high.
Consequently, the PWHT joint had the brittle fracture of
the brass side at the weld interface, although it was
annealed (see Fig. 8). The fact that the joint efficiency
was decreased by PWHT was due to the dezincification
and embrittlement of the brass side during PWHT,
although further investigation is necessary to elucidate the
detailed the joint properties. Thus, the joint between brass
and LCS should not be used under high temperature
conditions.

Conclusions
This report described the effect of post-weld heat
treatment (PWHT) on joint properties of copper-zinc alloy
(brass) and low carbon steel (LCS) friction welded joints.
In particular, we investigated the joint tensile strength
under various PWHT conditions, and the cause of the
joint fracture during PWHT. The following conclusions
are provided.
1. The as-welded joint was made through a friction

-1

speed of 27.5 s , a friction pressure of 90 MPa, a friction
time of 1.5 s, a forge pressure of 90 MPa, and a forge
time of 6.0 s. This joint had 100% joint efficiency and a
brass base metal fracture with no cracking at the weld
interface. In addition, the as-welded joint had no
intermetallic compound (IMC) layer at the weld interface,
which was based on the SEM observation level.
2. The joint efficiency decreased with increasing
heating temperature and its holding time. Moreover, the
scatter of the joint efficiency increased with increasing
those PWHT parameters. When the joint was heat-treated
at 823 K for 36 ks or longer, all joints were fractured
between the weld interface and the brass base metal.
3. The PWHT joint had defects such as cracking at the
peripheral portion of the weld interface, although it did
not have the IMC layer based on the SEM observation
level. In addition, the PWHT joint at a heating
temperature of 723 K or over had a typical brittle fracture.
4. Zn content at the peripheral portion of the PWHT
joint was lower than that of the half-radius portion. In
addition, the ratio of Zn content to Cu content at the
peripheral portion was decreased to about 60% in
comparison with that of the as-welded joint.
5. The cracking was due to the dezincification and
embrittlement of the brass side during PWHT.
In conclusion, a joint between brass and LCS should
not be used under high temperature conditions.
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