Microstructural and Mechanical
Characterization of Friction Stir Butt Joint
Welded 63% Cu-37% Zn Brass Plate
This study showed that sound joints without defects can be produced in a large
array of weid parameters including numerous rotational and traverse speeds
BY G. QAM, S. MISTIKOGLU, AND M. PAKDIL

Introduction
ABSTRACT
A recently developed solid-state
joining technique, namely friction stir
welding (FSW), has been well demonstrated to produce joints with better
joint performances in Al alloys, particularly in difficult-to-weld grades, than
those obtained in more conventional
fusion welding processes. The technique has already been implemented
with joining Al alloys in various production lines such as shipbuilding, automobile, high-speed train manufacturing, and aviation industries.
In this study, the applicability of friction stir welding to 63% Cu-37% Zn
brass plate has been investigated. The
joint performance values were determined by conducting optical microscopy, microhardness measurements, and mechanical testing (e.g.,
tensile and bend tests). The effects of
the tool rotational speed (i.e., 1250 and
1600 rev/min) and the welding speed on
the joint performance were determined. The best joint performances
were obtained at a rotational speed of
1600 rev/min with a welding speed of
225 mm/min.

Friction stir welding (FSW) is a solidstate joining technique developed by The
Welding Institute (TWI), Abington, UK,
in the early 1990s (Refs. 1-12). In this
method, the stirring tool rotating at a high
rate is plunged into the clamped plates
causing friction. The heat caused by the
friction results in an intense local heating
that does not melt the plates to be joined,
but plasticizes the material around the
tool. The shoulder of the tool provides additional frictional heat to the workpieces
as well as preventing the plasticized material from being expelled from the weld.
Then the rotating tool moves along the
plates transfering the softened material
around itself, stirring the plates together.
The plasticized material is pressed downward by the tool shoulder, preventing the
material from flowing out from the surface, as schematically shown in several
publications (Refs. 1-12).
It has been well demonstrated that this
joining technology produces low-distortion, high-quality, low-cost welds in Al alloys, even for those that are not weldable
with conventional fusion welding
processes (Refs. 1-12). The current indus-

KEYWORDS

G. QAM (gurelcam@gmail.com) and S. MISTIKOGLU are with Mustafa Kemal University,
Faculty of Engineering, Iskenderun/Hatay,
Turkey. M. PAKDIL is with Abant Izzet Baysal
University, Faculty of Engineering and Architecture, Bolu, Turkey.

Friction Stir Welding
Brass
Grain Refinement
Duplex Microstructure
Joint Performance

trial applications include ship panels, the
frame of high-speed trains, the suspension
of cars, and fuel tanks of spacecrafts. Although the process has been well established in joining low-melting-point Al alloys, there are limited data on joining
other materials such as Mg, Ti, and Cu alloys, and mild steels (Refs. 12-16).
The most important drawbacks of the
implication of fusion welding to brasses
are high distortion in thin plates and loss
of strength in the fusion zone due to the
evaporation of Zn (Ref. 12). These problems are not expected to be encountered
in friction stir welding, which is a low energy input method owing to its solid-state
nature. Early studies (Refs. 12-16) have
shown that Cu and Cu alloys can be successfully friction stir welded with grain refinement in the stir zone (SZ), which is
achieved in the case in friction stir welding
of Al alloys and steels (Refs. 17-22). Distortion-free butt joints with comparable
mechanical properties to base plates can
be achieved in friction stir welding brass
plates. However, the weld parameters play
an important role on the heat input during
joining, thus on the joint performance. As
already mentioned, there are only a few
reports thus far concerning the applicability of this method to brasses (Refs. 12-16).
Thus, the objective of this work is to investigate the applicability of this welding
technique to a 3-mm-thick 63% Cu-37%
Zn brass plate. The effects of rotational
speed (i.e., 1250 and 1600 rev/min) and
weld traverse speed on the joint performance were also studied.

Experimental Procedure
63% Cu-37% Zn brass plate (designated as 63/37 brass hereafter) was fric-
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Fig. 1 — Optical macrographs showing the stirred zones (SZ) of the 63137 brass joints obtained at a rotational speed of 1250 rev/min. Traverse speeds are as
follows: A —100 mm/min; B —125 mm/min. The plate thickness is 3 mm.

o

Fig. 2 — Optical macrographs showing the stirred zones (SZ) of the 63137 brass joints obtained at a rotational speed of 1600 rev/min. Traverse speeds are as follows: A —175 mm/min; B — 200 mm/min. The plate thickness is 3 mm.

tion stir butt joint welded. The brass plate
used in this study has a dual-phase microstructure consisting of a + (3 phases
(called a + p brass). The plate was 3 mm
thick and friction stir welding trials were
performed with different traverse speeds
at two different tool rotational speeds, i.e.,
1250 and 1600 rev/min. A conical tool
made of a hot work steel, X32CrMo3 3,
was used in the trials. The tool root diameter was chosen at 4 mm, and the tip diameter was 3 mm. Its penetration depth
was 2.8 mm. The reason for selecting a
slightly conical tool was to determine
whether it is possible to employ higher rotational and travel speeds by increasing
the surface area of the tool, thus increasing the frictional heat produced. The tool
used was a pin type with nonstandard helical threads, and its tip was rounded. The
joining trials were made using a vertical
milling machine.
Metallography specimens were ex-
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tracted from the welded plates for microstructural observations. Metallography
specimens were polished with an alumina
solution (the grain size was 0.3 \xm) and
then etched using a solution of 15-mL HC1
(32%), 2.5-g FeClr6H20, and 100-mL
distilled water. A detailed microstructural
observation was conducted for each
welded plate using optical microscopy to
determine the presence of any weld defect
and the microstructural evolution within
the stirred zone. All the optical micrographs are taken from the midsections of
the joints in the thickness direction. Furthermore, microhardness measurements
were conducted on each welded plate to
determine hardness variations across the
stirred zones.
Moreover, standard flat tensile specimens (3 x 12.5 x 60 mm) were extracted
from both base plates and all welded
plates (minimum three specimens) and
tested at room temperature (loading rate

was 10 mm/min) to determine the joint
performances, as schematically shown in
an earlier publication (Ref. 12). Two nonstandard bending specimens (20 mm wide
and 200 mm long) were also extracted
from each welded plate (Ref. 12). Both
specimens were bent up to 180 deg, one
with the weld root outside and the other
with the weld root inside, to determine
whether cracking does or does not occur
in both bending conditions.

Results and Discussion
Microstructure and Microhardness

Optical microscopy revealed that no
porosity or other defects (such as kissingbond) exist in the stirred zones of all the
joints produced — Figs. 1, 2. The sound
weld nugget indicates that the varying traverse speeds are convenient to achieve defect-free joints for 63/37 brass plate at

Fig. 3 — Optical micrographs showing the microstructure of 63/37 brass plate used in this study. A — Overall view; B — higher magnification.

Table 1 — Comparison of the Tensile Test Results of the Base Plate and the Joints Produced (in some cases only three specimens were available while
four specimens were tested in other cases)
Specimen

0.2% Proof
Stress, MPa

Tensile
Strength, MPa

Elongation, %

Strength
Performance
(SP*), %

Ductility
Performance
(DP**), %

Fracture
Location

Base Plate

270; 265; 271
(267)

374; 378; 375
(376)

28; 29; 27
(28)

FSW (100 mm/mm
at 1250 rev/min)

220; 214
208; 221
(216)

364; 365
361; 366
(364)

22; 19
17; 14
(18)

97; 97
96; 97
(97)

79; 68
61; 50
(65)

HAZ, HAZ
HAZ, BM

FSW (125 mm/mm
at 1250 rev/min)

224; 227; 223
(225)

398; 388; 393
(393)

27; 21; 23
(24)

106; 103; 105
(105)

96; 75; 82
(84)

HAZ, HAZ
HAZ, BM

LU
0C

FSW (150 mm/min
at 1250 rev/min)

228; 118; 220
(189)

320; 153; 351
(333)

6; 1; 10
(3)

85; 41; 93
(73)

21; 4; 36
(20)

WZ

O

FSW (175 mm/min
at 1600 rev/min)

209; 205
226; 222
(216)

390; 395
389; 396
(393)

24; 24
21; 23
(23)

104; 105
103; 105
(104)

86; 86
75; 82
(82)

FSW (200 mm/min
at 1600 rev/min)

224; 221; 218
(221)

375; 390; 384
(383)

16; 21; 19
(19)

100; 104; 102
(102)

57; 75; 68
(67)

FSW (225 mm/min
at 1600 rev/min)

220; 226
232; 232
(228)

395; 398
399; 417
(402)

21; 22
21; 27
(23)

105; 106
106; 111
(107)

75; 79
75; 96
(81)

o

resulted in a grain refinement within the
stir zone in all the joints produced (Figs. 4,
5), which is also the case in friction stir
welding Al alloys and steels (Refs. 17-22).
However, the degree of grain refinement
depends on the heat input applied to the
plates during friction stir welding.
At a given rotational speed, the finer
grains are generally formed within the stir
zones of the joints at higher traverse
speeds due to the reduction in heat input.
This can be seen clearly in Figs. 4A-C and
5A-C. The finest grain size was observed

LU
(/)

HAZ

LU
WZ

WZ

*SP = tensile strength of weld/tensile strength of the base plate average x 100
"DP = % Elongation(weldy% Elongation (base plate average) x 100
WZ: weld zone; HAZ: heat-affected zone; BM: base plate
Bold numbers in parentheses indicate the average values

both rotational speeds used in friction stir
welding trials (i.e., 1250 and 1600
rev/min). Although defect-free joints can
be produced for 63/37 brass plate with a
wide range of rotational and traverse
speeds, the alteration of heat input with
varying weld parameters is expected to affect the grain size in the stirred zone, and
thus the mechanical performance of the
joint.
The microstructure of the base plate
(63/37 brass) is duplex consisting of a + |3
phases — Fig. 3. The friction stir welding

<

in the stir zone of the joint produced with
a traverse speed of 150 mm/min, which is
the highest welding speed among all the
traverse speeds used, at the rotational
speed of 1250 rev/min — Fig. AC. On the
other hand, no further grain refinement
was observed with further increase in traverse speed beyond 200 mm/min at the rotational speed of 1600 rev/min — Fig.
4D-F. Furthermore, a grain coarsening in
the SZ of the joint produced at a traverse
speed of 225 mm/min was observed as
seen in Fig. 4F, which is due to the higher
WELDING JOURNAL
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Fig. 4 — Optical micrographs showing the stirred zones (SZ) of the joints obtained with the following weld parameters: A —1250 rev/min (100 mm/min); B —
1250 rev/min (125 mm/min); C —1250 rev/min (150 mm/min); D —1600 rev/min (175 mm/min); E —1600 rev/min (200 mm/min); and F —1600 rev/min
(225 mm/min). Note the grain refinement in the SZ.
peak temperature the plate exposed during welding. This is believed to be due to a
deeper plunging of the stirring tool in this
trial although no measurement of the vertical force was made during the trials conducted in this work.
The finer grain sizes than those observed in this work were reported for Cu40% Zn brass plate in the literature (Ref.
14). The reason for this is the much higher
traverse speeds used (i.e., 500 to 2000
mm/min at tool rotational speeds of 1000
and 1500 rev/min), resulting in a much
finer grain size in the stirred zone due to
NOVEMBER 2009, VOL. 88

the lower heat input in higher traverse
speeds.
A microstructure consisting of duplex
a and (3 phases was observed in the stir
zones of all the joints produced — Fig.
5A-E. However, a distinct duplex microstructure with intermixed fine and
coarse grains was observed from the joint
produced with a traverse speed of 150
mm/min at the rotational rate of 1250
rev/min — Fig. 5C.
The hardness variations across the
weld zones of the joints produced at rotational speeds of 1250 and 1600 rev/min are

given in Figs. 6 and 7, respectively. A hardness drop of about 30-40 HV was observed within the weld zone of all the
joints produced, indicating that the joints
are strength undermatched. The minimum hardness values lie at the heataffected zones (HAZs) of most of the
joints obtained — Figs. 6, 7. It can also be
clearly seen from Fig. 6 that the width of
weld zone (SZ + HAZ) becomes narrower as the traverse speed increases at a
rotational speed of 1250 rev/min, which is
expected due to the decrease in the heat
input applied to the plates as the traverse
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speed increases. Furthermore, the hardness minimum lies within the SZ of the
joint obtained at this rotational speed with
a traverse speed of 150 mm/min in contrast to the joints produced with lower traverse speeds (i.e., 100 and 125 mm/min) at
the same rotational speed. This can be attributed to the distinct duplex microstructure observed within the SZ of this joint —
Fig. 5C.
A similar behavior in which the weld
zone becomes narrower as the weld speed
increases was also observed for the joints
produced at a rotational speed of 1600
rev/min. The hardness minimum lies at the
HAZs of all the joints produced at this rotational speed. Furthermore, it was also
observed from the joints obtained at the
rotation rate of 1600 rev/min that the
hardness drop within the stir zone becomes less significant as the traverse speed
increased from 175 to 200 mm/min — Fig.
7. Further increase in the traverse speed
beyond that apparently did not restore the
hardness decrease. These results are in
good agreement with the microstructural
observations (Fig. 4) in which grain coarsening was detected when the traverse
speed was increased beyond that of 200
mm/min at the rotational speed of 1600
rev/min.
However, hardness increases in the
stirred zones of the joints for Cu-40% Zn
brass plate were reported in the literature
(Ref. 14). Park et al. (Ref. 14) observed a
pronounced hardness increase in the
stirred zone of the friction stir welded

60/40 brass plates
(dual phase a + |3
brass) in contrast to
the results obtained in
this work. The reason
for this is that much
higher traverse speeds
were used in their
work (i.e., 500 to 2000
mm/min at tool rotational speeds of 1000
and 1500 rev/min).
Thus, in turn, much
finer
grains
are
formed in the stirred
zone owing to lower
heat inputs in higher Fig. 5 — Optical micrographs showing the stirred zones (SZ) of the joints
traverse speeds. On obtained with the following weld parameters: A — 1250 rev/min (100
the other hand, as in mm/min); B — 1250 rev/min (125 mm/min); C — 1250 rev/min (150
the case in this work, mm/min); D —1600 rev/min (200 mm/min); and E —1600 rev/min (225
mm/min.) Note the grain refinement in the SZ.
Lee and Jung (Ref.
13) reported that a
hardness decrease in the stirred zone of
welded plates produced at both rotational
pure copper may also take place when
speeds employed in this study, i.e., 1250
lower traverse speeds (i.e., 61 mm/min at
and 1600 rev/min. As seen from Table 1
a tool rotational speed of 1250 rev/min)
and Fig. 8, the best combination of meare used.
chanical properties for a rotational speed
of 1250 rev/min was obtained from the
Joint Performance
joint produced with a traverse speed of
125 mm/min. The strength and ductility
Tensile test results of the specimens experformances for this joint were 105 and
tracted from the base plate and friction stir
84%, respectively.
welded plates and the joint efficiency valThe specimens extracted from the joints
ues obtained are summarized in Table 1.
produced at the rotational speed of 1250
Figures 8 and 9 illustrate the comparirev/min failed either in the HAZ or base
son of the stress-strain curves of the specmaterial (BM), except for the specimens
imens extracted from the base plate and
produced with a traverse speed of 150
WELDING JOURNAL
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Fig. 8 — Comparison of stress-strain curves obtained from the baseplate and joints produced at a rotational speed of 1250 rev/min with different traverse speeds.
A —100 mm/min; B —125 mm/min; and C —150 mm/min. (BM = base material.)

mm/min that failed in the weld zone (WZ).
Moreover, the joint produced at the rotation rate of 1250 rev/min with a weld speed
of 150 mm/min exhibited far much lower
elongation values than the joints produced
with lower traverse speeds at this rotation
rate — Table 1 and Fig. 8. This is thought to
be due to the distinct duplex microstructure
within the SZ of this joint — Fig. 5C.
The plates used were cold-rolled prior
to joining, and the cold work hardening effect diminishes due to the heating of the
plate during welding, which results in loss
of hardness in the weld zone (in the SZ and
HAZ regions). Thus, the strength of the
joints is slightly lower than that of the base
plates. It is apparently due to the grain refinement taking place within the stir zone,
partly restoring the strength. While the
grain refinement takes place within the SZ,
restoring the hardness loss to some extent
depends on the heat input, the hardness
decreases at the HAZs due to the loss of
cold work hardening. Thus, except for the
joint produced at the rotational speed of
1250 rev/min with a traverse speed of 150
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mm/min, all other joints produced in this
study exhibit minimum hardness values at
the HAZ, resulting in the failure of the tensile specimens at this region.
The lowest ductility performance (i.e.,
27%) was obtained from the joint produced at this rotational speed (1250
rev/min) with a traverse speed of 150
mm/min. This result is reasonable since
the failure takes place within the SZ of this
joint, possibly due to the evolution of a distinct duplex microstructure within this region, which is apparently brittle. Furthermore, it is believed that the weld speed of
150 mm/min was too high at the rotational
speed of 1250 rev/min for a formation of
strong metallurgical bonding between the
extruded layers during friction stir welding. Although no defects were observed
within the weld region of this joint, it is believed that there might be some defects.
This indicates that the welding speed of
150 mm/min was inconvenient at this rotational speed for obtaining a sound joint.
On the other hand, the strength and
ductility performances of the joints pro-

duced at the rotational speed of 1600
rev/min with all the traverse speeds used
were reasonably high and comparable to
those of the base plate, as seen from Table
1 and Figs. 9, 10, except the ductility performance of the joint produced with a traverse speed of 200 mm/min (i.e., 67%).
There is no clear indication why the ductility performance of this joint is low, although it exhibited the finest grain size in
the SZ — Fig. 4. It may possibly be due to
the microstructural variations. Moreover,
the strength performance of this joint is
higher than the other joints produced at
the same rotation rate with lower traverse
speeds although the grain size is slightly
coarser. The grain size affects the strength
of the SZ. However, the strength of the
HAZ is affected by the heat input applied
during joining, which softens the coldworked material in this region as well as
the SZ. The heat input is clearly lower in
the joint produced with this higher traverse speed (i.e., 225 mm/min), thus this
may result in a slightly higher transverse
tensile strength obtained.
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Fig. 9 — Comparison of stress-strain curves obtained from the baseplate and joints produced at a rotational speed of 1600 rev/min with different traverse speeds.
A —175 mmlmin; B — 200 mmlmin; and C — 225 mmlmin. (BM = base material.)

Although no further grain refinement
was observed beyond the traverse speed of
200 mm/min at the rotation rate of 1600
rev/min, the highest strength and ductility
performances were obtained for the joint
produced with a traverse speed of 225
mm/min, i.e., 107 and 81%, respectively.
These joint performance values are reasonably high, indicating that the joint quality is sufficient. The joints produced with
the other traverse speeds (i.e., 175 and 200
mm/min) are also reasonable, indicating
that the higher tool rotational speed (i.e.,
1600 rev/min) results in better joint performances for the brass plate studied.
The ductility performances (up to 85%)
obtained in this work were much higher
than those reported for friction stir welded
Cu-40% Zn brass plate in the literature, i.e.,
down to 35% (Ref. 14). However, the
strength and hardness values obtained in
this work are much lower than those reported for the Cu-40% Zn brass joints in the
literature (Ref. 14). As explained earlier,
the reason for this is that much higher traverse speeds were used in their work (i.e.,
500 to 2000 mm/min at tool rotational
speeds of 1000 and 1500 rev/min). Thus, in
turn, much finer grains are formed in the
stirred zone owing to lower heat inputs in
higher traverse speeds leading to highly
strength-overmatched joints. The other reason for the higher strength values is the
smaller diameter of the tool shoulder they
used, i.e., 12 mm, than the one used in this
work, namely 20 mm. The diameter of the
shoulder is one of the factors determining
the heat input applied to the plates during
the friction stir welding process.
The low ductility performance is typical for these joints where the hardness
minimum lies within the weld region (i.e.,
slight strength undermatching). There are
several reports on the performance of the
strength undermatching and overmatching joints exhibiting lower elongation values compared to the base material coun-
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Fig. 10 — Summary of tensile test results.

terparts in the literature (Refs. 23-25) due
to the confined plasticity within the weld
region and plastic deformation taking
place only in the BM, respectively. Highly
strength-overmatched joints, on the other
hand, exhibit higher strength performance
values owing to the fact that ductility and
strength are inversely proportional (Ref.
14). Thus, it can be concluded from these
results that when higher strength values
are required, then higher rotational and
traverse speeds should be employed,
whereas lower rotational and traverse
speeds should be preferred when higher
ductility performances are required.
The results of bending tests conducted
are also in accordance with the tensile test
results. No cracking was observed in the
bend testing of the joints. The bend specimens extracted from all the joints exhibited no cracking during the bend tests in
both testing conditions (weld root inside
or outside), indicating that the joints are
reasonably sound.

(/)

• 63/37 brass plates can be successfully
friction stir butt joint welded. Sound joints
without any defect can readily be produced in a large window of weld parameters (i.e., using various rotational and traverse speeds). No porosity or other weld
defect was observed in the stirred zones of
the joints produced.
• Grain refinement was obtained in the
stir zones of all the joints produced. As expected, it was demonstrated that the lower
the heat input during welding the finer the
grain size in the stir zone.
• A hardness drop was observed in the
stir zone of all the joints produced, indicating that the joints are strength undermatched.
• All the 63/37 brass joints produced
exhibited good mechanical performance
values comparable to those of the base
plate, except the one produced at a rotational speed of 1250 with a traverse speed
of 150 mm/min that displayed an unacceptably low ductility performance. Better
results were obtained from the joints produced with the higher rotational speed
used, i.e., 1600 rev/min.
• The best combination of strength and
ductility performances was obtained from
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the joint produced at the tool rotational
speed of 1600 rev/min with a traverse
speed of 225 mm/min, i.e., 107 and 81%,
respectively.
• The joint produced at the tool rotational speed of 1250 rev/min with a traverse
speed of 125 mm/min also exhibited very
high strength and ductility performance values, i.e., 105 and 84%, respectively.
• The other joints produced also displayed reasonable strength and ductility
performances, except the one produced
with a weld speed of 150 mm/min at the rotational speed of 1250 rev/min.
• All the joints produced, except the
one produced with a weld speed of 150
mm/min at the rotational speed of 1250
rev/min, exhibited higher or comparable
strength values to that of the base plate apparently owing to the grain refinement
within the weld zone.
• The results suggest that the 63/37
brass plates can be defect-free joined by
friction stir welding with a wide range of
weld parameters.
• It can also be concluded from the resuits obtained that when higher strength
values are required from the joints, then
higher rotational and traverse speeds
should be employed in friction stir welding
of these dual-phase brass plates. On the
other hand, lower rotational and traverse
speeds should be preferred when higher
ductility performances are required.
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