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Abstract

The characteristics of the microstructures and mechanical properties of friction stir welds of 60% Cu–40% Zn alloy (60/40 brass) were
investigated. The defect-free welds were obtained in a relatively wide range of welding conditions; the tool rotation speed ranged from 1000
to 1500 rpm with a welding speed from 500 to 2000 mm/min, and 500 rpm—500 mm/min. The microstructures of the welds yielded extremely
fine grains with some deformed grains in the stirred zone (SZ) and elongated grains in the thermo-mechanically affected zone. The hardness
values within the SZ in all welding conditions were much higher than those of the base metal, increased with a decrease in heat input. The
generation of refined grains in the SZ was a main factor which caused the hardness increase associated with decreasing heat input. The
strengths of the all-SZ showed relative correspondence to the variation of the hardness values in the SZ.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In many previous studies[1–7], it has mainly been
demonstrated that friction stir welding (FSW)[8] produces
low distortion, high-quality, low-cost welds of aluminum
alloys, even for those difficult to conventional welding. The
process can also be applied to copper and copper alloy
[9–12], which are also known to cause difficulty in fusion
welding, because it is essentially a solid state process with-
out large distortion, solidification cracking, porosity, oxida-
tion, and other defects that result from conventional fusion
welding.

Although a few reports[9–12] have been made on the
weldability of FSW for copper alloys, only a few attempts
have been made thus far concerning the application of the
FSW process for Cu–Zn alloys and observing in detail of
the metallurgical and mechanical properties of the welds.
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Thus, the objectives of this study are to clarify the ap-
propriate welding conditions for sound welds, the behav-
ior of defect formations, the detail of microstructures and
mechanical properties, and the correspondence between the
mechanical properties and microstructural changes in a wide
range of the welding conditions for 60% Cu–40% Zn alloy.

2. Materials used and experimental procedures

Friction stir welds were produced in 60% Cu–40% Zn al-
loy (60/40 brass) plates of 2 mm thickness. The 60/40 brass
used is a commercial JIS alloy No. C2801-1/4H.Tables 1
and 2show the chemical composition and mechanical prop-
erties of this material, respectively.

To investigate the optimum conditions and microstruc-
tural characteristics associated with the formation of the
stirred zone in a wide range of the welding conditions,
bead-on-plate welds were made by a single pass of FSW.
I-type butt welding was also carried out to evaluate the
tensile properties of the FSW joints at a rotation speed of
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Table 1
Chemical composition of the base metal used

Alloy Chemical composition (mass%) Remarks

Cu Pb Fe Sn Zn Al Ni P

60/40
brass

60.89 0.003 0.003 – 39.10 – – – C2801P-1/4H

Table 2
Mechanical properties of the base metal used

Alloy Tensile properties Hardness,
HV

Offset yield
strength (MPa)

Ultimate tensile
strength (MPa)

Elongation
(%)

60/40
brass

192 381 61 HV97

Table 3
Friction stir welding conditions for the bead-on-plate and the square
groove butt welding

FSW conditions Bead-on-plate welding I groove butt welding

Dimension of
specimen (mm)

50(W) × 100(l) × 2(t) Two plates of 100(W)
× 150(l) × 2(t)

Rotation speed
(rpm)

250, 500, 1000 and 1500 1000

Welding speed
(mm/min)

500, 1000, 1500 and 2000 500, 1000 and 2000

1000 rpm without defects in the bead-on-plate welds. The di-
mensions of the plates for bead-on-plate and square groove
butt welding were 50(w)×150 mm (l) and longitudinal two
plates of 100(w) × 150 mm (l), respectively. The process
parameters varied from 250 to 1500 rpm in counter clock-
wise tool rotation speed and from 500 to 2000 mm/min in
welding speed. The welds were made on one side using two
combinations of tool rotation speed and welding speed as
shown inTable 3. The tilt angle for all welds was main-
tained at approximately 3◦. The specimens were clamped

Fig. 1. Schematic of tensile test specimens for the joints (a) and the all-SZ (b).

tightly along the edges to a thick low carbon steel backup
plate and to the table of the FSW facilities used to make the
weld. The diameters of shoulder and probe of the tool used
in this FSW were 12 and 4 mm, respectively. The length of
the probe was 2 mm.

The generation of defects in the welds such as voids and
lack of bonding were evaluated by visual and X-ray radio-
graphy inspections made on the welds.

The observations made of macro and microstructures were
also done by an optical microscope and a scanning electron
microscope (SEM) on a cross-section of the welds after pol-
ishing and etching with a solution of 100 ml distilled water,
15 ml hydrochloric acid, and 2.5 g iron(III) chloride. The
sizes of grains in the� phase and the� phase and the ratio
of their respective quantities in the welds were estimated by
measuring the relative grain widths of both phases on all 15
lines drawn onto the five SEM images magnified by 5000×
for each welding conditions.

The hardness measurements were taken along the center-
line on the cross-section of the welds by using a Vickers
hardness tester at a 0.49 N load.

The tensile properties of the FSW joints were evaluated on
only the I-type butt welds at a tool rotation speed of 1000 rpm
with welding speeds of 500, 1000 and 2000 mm/min. The
tensile tests with two different configurations of specimens
machined out from the as-welded plates were carried out at
a cross head speed of 1.67 × 10−2 mm/s at room temper-
ature. The principal axis of the transverse specimens with
their as-welded joint surface conditions was perpendicular
to the welding direction. The longitudinal specimens of the
all stirred zone (all-SZ) had its principal axis parallel to the
welding direction. The all-SZ specimens were made by ma-
chining 0.3 mm of the material from both the top and bot-
tom surfaces as a means of skimming and eliminating some
defects in the as-welded plates. The shape and dimensions
of the joints and the all-SZ specimens are given inFig. 1.
The fractography of the tensile fracture surfaces was also
discussed with a SEM.
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Fig. 2. Surface appearances and X-ray radiographs of the welds.

3. Results and discussion

3.1. Effect of FSW conditions on formation of welds

Fig. 2 displays the appearance of the bead surfaces and
the X-ray radiographs of the bead-on-plate welds associated
with the welding conditions. The defects of a groove-type
void, which are indicated by arrows in the figure, were ob-
served in the advancing side and lied linearly along the weld
line at the welding conditions of low rotation speed 500
and 250 rpm. The frequency of generation of the defect in-
creased with increasing welding speed at the rotation speed
500 rpm. The frequency of the defect also increased with a
decrease in the rotation speed from 500 to 250 rpm.

From the visual and X-ray radiography inspections for
the welds, the defect-free welds were obtained in all weld-
ing speeds of graduated rotation speed between 1000 and
1500 rpm, and 500 rpm—500 mm/min. This means that
FSW for 60/40 brass is feasible in a relatively wide range
of welding conditions. The FSW conditions resulting in
sound welds are summarized inFig. 3.

3.2. Characteristics of macro and microstructures
in welds

Fig. 4shows typical macrographs on a cross-section of the
FSW welds associated with the welding conditions, where
the wine cup features can be seen in the SZ at the welding
conditions of sound welds. (The advancing side is on the
right and the retreating side is on the left in all the figures
of this study, unless otherwise noted.) The defects, which

were caused by insufficient metal flow and low temperature
rises, were almost observed as groove-type voids that almost
reached bead surface in the advancing side near the boundary
of SZ and thermo-mechanically affected zone (TMAZ) at
low tool rotation speed 500 and 250 rpm. On the other hand,
with the sound friction stirred welds, there were no defects
on or inside the bead surface.

An example of a typical microstructure of the base metal,
the TMAZ and the SZ is shown inFig. 5. The base metal
has a microstructure that consists of two phases,� (bright
phase) and� (dark phase). The microstructures of 60/40

Fig. 3. Optimum welding conditions in the bead-on-plate welds.
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Fig. 4. Typical macrostructures in a cross-section of the welds associated with the welding conditions.

brass welds yielded extremely fine grains, in which there
were portions with metal flow structures within the batch in
the SZ generated by dynamic recrystallization due to fric-
tional heat and deformation, and the elongated grains in the
TMAZ. However, the HAZ was not clearly characterized in
microstructures compared with the base metal.

Fig. 5. Optical macro and microstructures in cross-section of the welds at 1000 rpm—500 mm/min.

The variation of microstructures in the SZ associated with
the welding conditions is shown inFig. 6. The grain sizes of
� and� in the SZ in all the welding conditions are signifi-
cantly smaller than that of the base metal. The range of the
grain sizes of� in the SZ at the rotation speeds 1000 and
1500 rpm was estimated to be about 0.8–1.5 and 22.5�m in
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Fig. 6. Variation of SEM microstructures showing extremely fine grains in the SZ.

the base metal. The� grain sizes of 0.7–1.4�m at the differ-
ent welding conditions were also extremely small compared
to that of 6.7�m in the base metal. Moreover, the amount of
� grains in the SZ, which was estimated to be 17–20%, was
slightly larger than that, which was 16% in the base metal.
However, the variation of the amount of� grains at various
welding conditions was negligible. This suggests that the
growth of recrystallized grains in the welds of 60/40 brass
was not promoted rapidly during the weld thermal cycles.
Furthermore, it was noted that the grains generated at higher
welding speeds were smaller than those at lower welding
speeds. For example, the grain sizes at the welding speeds of
500 and 2000 mm/min in the rotation speed 1000 rpm were
about 1.0 and 0.8�m, respectively. It was also confirmed
that the grain sizes of both phases decreased with a decrease
in rotation speed.

The total heat inputQ generated by the FSW can be simply
expressed through the following equation[13]:

Q =
(

4
3

)
π2µRsPr3

whereµ is friction coefficient,Rs the tool rotation speed
(rotations/s),P the vertical pressure (Pa) on the tool andr is
surface radius (mm) of shoulder. According to the equation
above, the FSW heat inputQ is proportional to tool rotation

speedRs, so that the welding parameterRs/Ws (Ws; welding
speed, mm/min) represented in this study is closely related to
welding heat input per unit length of the welded joints[14].
Fig. 7shows the relationship between the welding parameter
Rs/Ws and the grain size of� phase in the SZ at the rotation

Fig. 7. Relationship between the welding parameterRs/Ws and the grain
size of � in the SZ at the rotation speeds 1000 and 1500 rpm.
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Fig. 8. Hardness profiles in cross-section of the welds at different welding speeds with the rotation speed 1000 rpm.

speeds 1000 and 1500 rpm. The grain size tends to decrease
with decreasingRs/Ws. Hence, it is concluded that the grain
size in the SZ decreases with decreasing weld heat input.

3.3. Effect of welding conditions on
mechanical properties

3.3.1. Hardness in welds
Fig. 8 shows the hardness profiles along the centerline

on a cross-section of the welds at a tool rotation speed of
1000 rpm. The hardness values within the SZ including all
the welding conditions are much higher than those of the
base metal. The SZ at the welding speed 2000 mm/min has
an average hardness of about HV160, which is about 1.7
times that of HV97 in the base metal. This is due to the
generation of extremely fine grains in the SZ. The average
hardness in the SZ at higher welding speed has higher values
than that at lower welding speed. Any distinct differences
in the hardness in the HAZ compared with that of the base
metal remains unclear.

The variation of the maximum hardness values in the SZ
is shown inFig. 9. The hardness tends to increase with an
increase in welding speed. It is considered that the variation
of hardness is related to the microstructural changes in the
SZ induced by welding conditions. As mentioned above,
it is clear that the size of recrystallized grain varies with
heat input. Therefore it is deducted that the generation of
additionally refined grains in the SZ is a main factor that
caused the hardness increase associated with decreasing heat
input.

3.3.2. Tensile properties in welds
The tensile properties for the as-welded joints at the ro-

tation speed 1000 rpm are shown inFig. 10, which also in-
cludes the base metal properties. The joint at a welding speed
of 500 mm/min fractured at the base metal region far from
the weld center, and the tensile strength and 0.2% offset yield
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Fig. 9. Variation of maximum hardness in the SZ for welding speed at
the rotation speed 1000 rpm.

Fig. 10. Transverse tensile properties to welding direction of the joints at
the different welding speeds with the rotation speed 1000 rpm.
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Fig. 11. Longitudinal tensile properties to welding direction of the all-SZ
at the different welding speeds with the rotation speed 1000 rpm.

strength (offset yield strength) are almost the same as those
of base metal. This means that the strength at the SZ and the
TMAZ is higher than the base metal. This also matches well
with the result of the hardness distribution of the welds as
showed inFig. 8. However, the joints at the welding speeds
1000 and 2000 mm/min were fractured near the center of the

Fig. 12. SEM microfractographs of tensile fracture surfaces of the base metal (a) and the joints fractured in the SZ at 1000 rpm—1000 mm/min (b).

SZ and the strengths remained nearly unchanged as those of
the joint at a welding speed of 500 mm/min.

The tensile properties for the longitudinal specimens of
the all-SZ at the rotation speed 1000 rpm are shown in
Fig. 11. The tensile strengths and offset yield strengths of
the SZ including all the welding conditions are much higher
than that of the base metal. On the other hand, the values of
percent elongation are lower than that of the base metal, and
tend to decrease with increasing welding speed. This sug-
gests that the decrease of percent elongation is due to the
increase of deformation resistance which resulted from the
microstructural changes in the SZ as mentioned in 3.2 above.
The strengths of the SZ increase with increasing welding
speed, and the tendency is clearly revealed particularly in
the offset yield strengths. Taking into general consideration
the relationship between hardness and strength, the values
and the variation of strengths of the SZ at various welding
conditions correspond to those of hardness of the welds as
mentioned inSection 3.3.1above. Thus, it can also be stated
that the strength increase in the SZ is caused by the variation
of a great deal fine grains recrystallized by FSW.

As mentioned above, there are some differences in the re-
sults obtained by the tensile tests for the joints and the all-SZ
at the rotation speed 1000 rpm. From the tensile tests for the
joints, while the strengths of the all-SZ in all welding con-
ditions were much higher than that of the base metal, the
fractures occurred at the SZ at welding speeds of 1000 and
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Fig. 13. Optical microstructures showing kissing bond near back surface of the welds at 1000 rpm—2000 mm/min, low and high magnifications of (a)
and (b), respectively.

2000 mm/min. On the other hand, the joint fractured at the
base metal region far from the weld center at welding speed
500 mm/min. The difference of the fracture location asso-
ciated with the welding speed suggests that there are weak
points such as defects or the region having lower strength

Fig. 14. SEM microfractographs of tensile fracture surfaces of the all-SZ at the different welding conditions with low magnification (a) and (c), and
enlargement of each rectangle (b) and (d).

of joining interface near the weld root side, which result in
the initiation of tensile fracture.

In the observation of the fracture surface of the weld
joints and the base metal, as shown inFig. 12, that of the
base metal shows a dimple pattern in the whole width of
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the specimen. The fracture surface of the specimens at a
welding condition 1000 rpm—500 mm/min has nearly the
same features as the base metal. However, in the speci-
mens at the welding conditions 1000 rpm—1000 mm/min
and 1000 rpm—2000 mm/min, fracture surface is approxi-
mately characterized with two regions of weld face side and
weld root side. The weld face side shows a dimple pattern
like that of the base metal, but the size of the dimples is
much smaller than those of base metal. On the other hand,
the weld root side consists of a flat and smooth surface with
a small dimpled portion. Therefore, it is supposed that there
are some flaws near the root side, which results in the initi-
ation of tensile fracture.

The root flaw, namely kissing bond, is observed near
the back surface of the welds at a welding speed of
2000 mm/min as shown inFig. 13. Therefore, the fractur-
ing in the SZ at the welding conditions is noted to be due
to the existence of the kissing bond near the back surface.
However, the tensile strength and offset yield strength are
almost the same as those of the base metal. This means that
the existence of the kissing bond has almost no influence on
the strength of the joints at the welding conditions of this
study.

In the observations of the tensile fracture surfaces of
the all-SZ specimens, as shown inFig. 14, it can be seen
that the fracture surfaces have nearly the same feature
of a dimple pattern like that of the base metal. How-
ever, the size of the dimples is much smaller than that
of the base metal as showed inFig. 12a. This means
that the resistance for tensile deformation was enhanced
by that the formation of the extremely fine grains at the
SZ produced by FSW. The feature of the fracture sur-
face also corresponds well with the strength increase of
the SZ.

4. Conclusions

To clarify the feasibility of FSW process to 60/40 brass,
the characteristics of structures, mechanical properties,
and correspondence between mechanical properties and
microstructural changes of friction stir welds were investi-
gated in a wide range of the welding conditions. The main
conclusions are summarized as follows:

(1) In a single pass of bead-on-plate welds, the defect-free
welds that showed wine cup features were obtained in
a relatively wide range of welding conditions, tool ro-
tation speed of 1000–1500 rpm with the welding speed
of 500–2000 mm/min, and 500 rpm—500 mm/min.

(2) The weld defect was formed as a groove-type void
along the weld line at the advancing side at a low
tool rotation speed of 250 rpm, and 500 rpm—1000 and
1500 mm/min.

(3) The microstructures of the welds at the rotation speeds
1000 and 1500 rpm showed extremely fine grains of

0.8–1.5�m in mean diameter with some deformed
grains in the SZ and elongated grains in the TMAZ.
However, the HAZ was not clearly characterized in
microstructures.

(4) The hardness values in the SZ were much higher, 1.4 to
1.7 times than those of the base metal, increased with
decreasing heat input. The generation of additionally
refined grains in the SZ was the main factor that caused
the hardness increase associated with decreasing heat
input.

(5) From the tensile tests for the joint, the joints at the
welding speeds of 1000 and 2000 mm/min fractured near
the center of SZ while the joints at a welding speed
of 500 mm/min fractured at the base metal region far
from the weld center. The kissing bond was observed
near the back surface of the welds at a part of welding
conditions. Therefore, the fracture that occurred at the
SZ was affected by the existence of the kissing bond
near back surface.

(6) From the tensile test for the all-SZ, the tensile strength
and offset yield strength of the SZ including all the weld-
ing conditions were much higher than those of the base
metal. The values of offset strengths showed more than
about two times compared with that of the base metal.
The strengths increased with decreasing heat input. The
tendency was clearly revealed particularly in the offset
yield strengths. The tensile properties showed a relative
correspondence to the variation of the hardness values
in SZ.
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