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Microstructural evolution during friction stir welding of single-phase brass and corresponding mechanical prop-
erties were investigated. For this purpose, 2 mm thick brass plate was friction stir welded at a rotational speed of
450 rpm and traverse speed of 100 mm/min. The microstructure of the joint was studied using optical microsco-
py, scanning electron microscopy equipped with electron back scattered diffraction system, and scanning trans-
mission electron microscopy. The mechanical properties were measured using hardness and tensile tests. The
formation of subgrains and their transformation into new grains in conjunction with existence of A7, A5 and C tex-
ture components revealed that the continuous dynamic recrystallization plays a dominant role in the microstruc-
tural evolution. However, grain boundary bulging, along with the formation of twin boundaries, and presence of
the G texture component showed that the discontinues dynamic recrystallization may participate in the new
grain formation. Furthermore, the different strengthening mechanisms, which caused the higher strength of
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the joint, were discussed.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Friction stir welding (FSW) was developed at The Welding Institute
of UKin 1991 [1]. It is a solid-state welding method without large distor-
tion, solidification cracking, porosity, oxidation, and other defects that
arise from conventional fusion welding [2]. In addition, it can improve
the mechanical properties of the joints compared to fusion welding
processes. Therefore, FSW has been proved a promising joining method
for various metals and alloys [1,3].

Brasses, the copper and zinc alloys, have vast industrial applications,
and so there is a large demand for welding of these types of alloys.
Unfortunately, the conventional fusion welding of brasses has some
difficulties in addition to the common problems mentioned before.
The low boiling temperature of the zinc causes to its evaporation during
fusion welding processes, which results in color change and formation
of a porous and weak layer of copper or copper oxide. Additionally, it
is notable that the zinc vapor is toxic and can be harmful to the health
of welding operator. Therefore, the investigators have been encouraged
to use FSW for joining of the brass alloys.
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Despite a lot of investigations in the field of copper FSW, the studies
in the case of brass alloys are somewhat limited [4-12]. Xie et al. [9,12]
have studied the effect of FSW on the microstructure and mechanical
properties of 5 mm thick 62/38 brass plates. They reported that partial
recrystallization occurred during FSW, which caused the formation
of different types of grains, including recrystallized, deformed re-
crystallized and deformed grains in the stir zone (SZ) of the joints.
They also found that the high heat input conditions, i.e. higher rota-
tional speeds and lower traverse speeds of the tool, resulted in a
more homogenized structure in the SZ, but could not completely re-
move the partially recrystallized zone. Xu et al. [10] have used rapid
cooling during FSW of 2 mm thick 70/30 brass plates to improve the
mechanical properties of the welded joints. They confirmed that with
rapid cooling, the grain size of 1.2 um was achieved, and the post an-
nealing effect, including both recovery and static recrystallization
could be prohibited. Emamikhah et al. [13] have investigated the effect
of tool pin profile in FSW of 3 mm thick 60/40 brass plates. Their results
showed that appropriate tools can produce sufficient heat underneath
the shoulder with regard to further materials stirring. Additionally,
they demonstrated that a hexahedron tool caused the accumulated
defects, and hence the mechanical properties weakened due to a
lower heat generated.

FSW can be assumed as a kind of hot deformation processes in some
aspects due to existence of heat and deformation. Thus, the restoration
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Fig. 1. (a) Surface of the joint, and (b) higher magnification of (a).

mechanisms of hot deformation processes can occur during FSW of
metals which rule the final microstructure and mechanical properties
[14-16]. Some researchers [17-23] have studied the microstructural
evolution during FSW of different metals and alloys. They have con-
cluded that the dynamic recovery (DRV), discontinuous dynamic re-
crystallization (DDRX), continuous dynamic recrystallization
(CDRX), geometrical dynamic recrystallization (GDRX) and static re-
crystallization (SRX) take place during FSW of various materials sim-
ilar to other hot deformation processes. However, because of sharp
gradients in strain, strain rate, and temperature during FSW, the resto-
ration mechanisms will be different from conventional hot deformation
processes of the same alloys, which comprise almost uniform strains
and temperatures [24,25].

Although some researchers [4-12] have studied FSW of brass plates,
an investigation into the deep microstructural aspects and their relation
to the final mechanical properties of the joint is lacking. Therefore,
the objectives of this study are to determine the type of restoration
mechanisms during FSW of single-phase brass plates, and to realize
the strengthening mechanisms of the welded joint.

2. Materials and methods

The single-phase brass (70% Cu and 30% Zn) plate with an initial cold
worked condition was used as a base metal (BM) with dimensions of
150 mm x 100 mm x 2 mm. This composition of brasses belongs to
the cartridge brass, which has a wide application among the other
types of brasses. In addition, because of its single-phase microstructure,
it was suitable for the aim of the present study. The BM was annealed at
500 °C for 1 h, before FSW. A H13 steel tool with a shoulder (12 mm di-
ameter) and a simple cylindrical pin (3 mm diameter and 1.7 mm
length) was used at a rotational speed of 450 rpm and traverse speed
of 100 mm/min. The selection of the H13 steel tool for FSW of the
brass plate was according to the literature and our previous laboratory
experiences [4-12].

The macrostructure of the joint cross section was analyzed using op-
tical microscopy (OM). The metallographic samples were cut from the
section perpendicular to the welding direction, then polished and
etched with a solution of 20 ml nitric acid and 10 ml acetic acid. A
JEOL JSM 6500F field emission scanning electron microscopy (FESEM)

ting side

equipped with electron backscatter diffraction (EBSD) system (HKL)
was used for microstructural and textural characterizations. In order
to produce a suitable surface finish of EBSD sample, the electropolishing
was conducted in a solution including 250 ml H3POg4, 250 ml ethanol,
50 ml propanol, 500 ml distilled water, and 3 g urea under an applied
potential of 10 V for 30 s. In addition, the microstructure of the joint
was characterized using transmission electron microscopy (TEM, JEM
2200FS). For this aim, jet thinning was used to produce the thin films
for TEM investigations.

In order to study the mechanical properties, the Vickers micro-
hardness test was performed using 50 g load for 10 s. In addition,
the tensile test specimens were machined perpendicular to the
welding direction with a gauge size of 12 mm (length) x 3 mm
(width) x 2 mm (thickness), and tensile tests were conducted at a
crosshead speed of 1 mm/min.

3. Results and discussion
3.1. Microstructure

The surface of the joint is illustrated in Fig. 1a, which shows that the
joint has excellent surface appearance, with regular grooves. Also, the
higher magnification of the weld surface (Fig. 1b) indicated that the
tool revolution per mm was approximately equal to 4.5 which confirms
the used FSW parameters in this study i.e. 450 rpm and 100 mm/min.

The macrostructure of the joint is shown in Fig. 2, which indicates
that the joint was defect free. Furthermore, it can be seen that the
macrostructure consists of three distinct regions, including BM,
thermomechanically affected zone (TMAZ) and SZ. The optical micro-
structure of these three regions at higher magnification are illustrated
in Fig. 3. The absence of heat-affected zone (HAZ) in the macrostructure
of the joint can be due to high thermal conductivity of the brass and low
heat input condition of the present study. Moreover, the difference
between the size and morphology of the SZ and TMAZ grains makes
sharp and clear the interface of these microstructural zones.

The grain boundary maps of the different zones of the joint macro-
structure are illustrated in Figs. 4-6. As well, the corresponding distribu-
tion of misorientation angle and different types of grain boundaries are
shown in Figs. 7 and 8. From Figs. 4-8, the BM had a coarse grain

Advancing side

Fig. 2. The cross sectional macrostructure of the joint.
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Fig. 3. The combined optical microstructure showing different zones of BM, TMAZ and SZ in advancing side of the joint.

structure with 32% of high-angle grain boundaries (HAGBs), 3% of low-
angle grain boundaries (LAGBs) and 65% of twin boundaries (TBs).
According to the Figs. 7 and 8, the 67% of the total HAGBs were charac-
terized as TBs. These TBs are 2.3 coincidence site lattice (CSL) boundaries
which are rotated 60° about (111) axis in face centered cubic (FCC)
materials [22].

The high amount of 33 boundaries may refer to the formation of TBs
during recrystallization and grain growth of the BM. The microstructure
of TMAZ revealed a deformed structure with elongated grains, high
amount of LAGBs (58%), low value of 33 boundaries (7%), and 35% of
HAGBs. Furthermore, SZ contained fine equiaxed grains, 27% of LAGBs,
18% of 33 boundaries, and 55% of HAGBs. The considerable variation
of grain size from BM to SZ is the evidence that the SZ grains have
recrystallized during FSW. Mironov et al. [26] and Jeon et al. [20] have
studied the recrystallization mechanisms during FSW of pure copper
and single-crystal austenitic stainless steel with medium and low stack-
ing fault energies (SFEs), respectively. They have reported that both the
CDRX and DDRX mechanisms cause to formation of fine equiaxed
grains. Moreover, Saeid et al. [22] have found that the austenite phase
(with low SFE) in a duplex stainless steel undergoes CDRX and SRX
during FSW. The common outcome of these studies is that CDRX can
be one of the main mechanisms during FSW of materials with low to
medium SFEs.

CDRX consists of the following stages: (i) DRV of the dislocations and
formation of the subgrains, (ii) absorption of the dislocations to the
subgrains and gradual increasing the misorientation of the LAGBs up
to that of the HAGBs. Thus, during CDRX there are not any distinct nu-
cleation and growth stages, and the deformation textures are usually

remained in the structure [27,28]. From Fig. 5, the subgrains form near
the old grain boundaries and inside the grains (indicated by red
arrow). It can be concluded that such subgrains form with approximate-
ly the same size of the SZ grains (Figs. 5 and 6). Also, the fraction of the
LAGBs and HAGBs decreases and increases from TMAZ to SZ (Figs. 7 and
8), respectively. Furthermore, there are some LAGBs, which are partly
transformed to HAGBs in some regions of the TMAZ (indicated
by black arrows in Fig. 5). These evidences demonstrate that the
subgrain boundaries transform into the grain boundaries during FSW.
Therefore, these results suggest that CDRX may rule the formation
of SZ grain structure. In addition, it is observed that some grain bound-
aries are serrated (Fig. 5) which can be the sign of GDRX. Prangnell et al.
[21], Etter et al. [18], and McNelley et al. [24] have demonstrated that
GDRX occurs during FSW of AA2195, AA 5251, and AA2099 aluminum
alloy plates, respectively. In GDRX, the DRV causes the formation of
subgrains and serrations in prior grain boundaries that have wave-
lengths similar to the subgrain sizes. By increasing the strain, the old
grains are pancaked, the fraction of HAGBs increases, and the size of
the serrations turn approximately equal into the thickness of the pan-
caked grains. Then, the opposite serrated boundaries meet each other
and causes the conversion of the old grains into fine equiaxed grains
with sizes similar to the subgrain sizes [27,28]. Therefore, it is expected
that the adjacent grains formed during GDRX would have a small
misorientation along the deformation direction. Fig. 9 shows the misori-
entation changes of the recrystallized grains inside the TMAZ along the
line AB (Fig. 5). According to Fig. 9, the neighboring grains show high
misorientations along the line AB, which disproves the occurrence of
GDRX.

2.0<= Angle <15.0
Angle > 15
23 twin boundaries

ND

TD
WD

Fig. 4. Grain boundary map of the BM. The black, red, and green lines in EBSD maps correspond to the HAGBs (6 > 15°), LAGBs (2° < 6 < 15°), and 33 twin boundaries, respectively. These

features are used in all EBSD maps in this paper.
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Fig. 6. Grain boundary map of the SZ.

In addition to CDRX and GDRX, the DDRX can happen during FSW
[16,20,23,25]. DDRX [25-27] typically occurs in hot defamation process-
es of the materials with low to medium SFE, and it has two distinct
stages of the nucleation and growth [27-29]. The stages of the DDRX
can be summarized as follows: (i) boundary serration together with

Number fraction
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Misorientation angle (degree)

Fig. 7. Misorientation angle distributions driven from the EBSD maps shown in Figs. 4-6.
The random distribution is illustrated by a dotted grey line, which is drawn by EBSD
software according to the Mackenzie random distribution.
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Fig. 8. HAGB, LAGB and 33 boundary fraction within the different microstructural regions.
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Fig. 9. Misorientation variance along the AB line shown in Fig. 5.

the development of dislocation sub boundaries, (ii) the grain boundary
shearing or sliding (GBS) and the development of local strain gradients
(plastic accommodation), and (iii) the bulging out of the serrated
parts along with the development of sub boundaries or twin boundaries
[24,29].

From Figs. 7 and 8, the fraction of the 33 boundaries decreases from
BM to TMAZ, which is associated with the strain induced crystallo-
graphic rotations of the twins from their original orientations [17].

Fig. 10. STEM image of the SZ showing formation of twin lamellas in this area.
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Fig. 11. (a) The schematic illustration of sample orientation in the EBSD chamber during analyzing, and (b) Schematic of the sample surface.

In addition, the 33 boundaries increase from TMAZ to SZ, which can be
due to the formation of TBs during DDRX. From Fig. 5, some evidence of
boundary bulging and twin formations can be distinguished (indicated
by green arrows) which suggests the occurrence of DDRX. Therefore,
the SZ grains appear to be created as a result of both CDRX and DDRX.
In order to determine the contribution of these two mechanisms,
textural studies were conducted which will be discussed later. Further-
more, after DRX, the growth of SZ grains can occur with the formation of
TBs in the form of twin lamellas as shown in Figs. 10. The formation
mechanism of such TBs has been modeled before based on energy
criterion [27].

3.2. Texture

The texture components developed in SZ of the joints are usually
recognized by comparison with ideal shear texture components which
have been reported in the literature in a standard frame of reference
with the shear direction (SD) pointing right and the shear plane normal
(SPN) pointing up. For this purpose, two types of rotations are needed
before comparison: (i) rotations in order to coincide the EBSD software
reference frame with the local shear frame of reference, and (ii) rota-
tions according to the difference between the obtained texture orienta-
tion and the local shear surface orientation of the shear surface.
According to rotation types (i) and the schematics shown in Fig. 11, to
coincident the EBSD and sample reference frames 180° about normal
direction (ND) and 90° about traverse direction (TD) were applied to
the as-acquired pole figures (PFs). Similarly, so as to rotations type
(ii), the o and P are needed to be calculated. The o comes from the

rotation of shear direction about the rotating tool and 3 comes from
the inclination of shear plane as a function of depth in the weld [30].
The o can be calculated according the following equation [30]:

a=sin"! (%) (1

Where x is the distance between the weld center and the region that
EBSD is taken, and . stands for the effective radius of the shear surface
at a specific depth of the weld. In this study the x /1. was equal to 0.15,
and hence the o was approximately 9°. In addition, the 3 was measured
approximately equal to 40° as illustrated in Fig. 11. Finally, the PFs
should be reported using SD, SPN and RA (rotation axis). At weld center,
the SD, SPN and RA are parallel to TD, RD (rolling direction) and ND,
respectively. According to the final step, the replacement of the TD
with SD and RD with SPN results in the final PF in standard frame.

The as-acquired and rotation sequences of the PFs of the SZ, and the
corresponding orientation distribution functions (ODF) of the final
rotated PF are illustrated in Figs. 12 and 13, respectively. Moreover,
the ideal recrystallization and simple shear texture components of the
face centered cubic metals are summarized in Table 1. Fig. 13 and
Table 1 reveals that the A7, A5 and C are the predominant texture com-
ponents in the SZ of the joint. Furthermore, the Goss (G) component is
also existent to some extent, and the Cube component is nonexistent.
The A7, A5 and C are ideal orientations in simple shear deformation of
face-centered cubic (FCC) materials which confirm the occurrence of
CDRX, because CDRX happen along with retaining the deformation
textures [24]. Conversely, DDRX leads to replacement of deformation
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Fig. 12. (a) As-acquired (111) and (110) PFs of the SZ, (b) after 180° rotation about ND,
(c) after 90° rotation about TD, (d) after rotation by « (9° about RD), (e) after rotation
by p (40° about TD), and (f) after alignments of SPN with RD and SD with TD.

textures with typical recrystallization textures [24]. Thus, the presence
of the G component in SZ, which is one of the common recrystallization
texture components, can be associated with occurrence of DDRX. Ac-
cording to the texture results, it can be recognized that the shear texture
components are the main components in the SZ of the joint. Thus, it can
be concluded that CDRX is the dominant mechanism during FSW of
single-phase brass. Also, the nonexistence of Cube component, which
is the most common SRX texture component in FCC metals [22,27],
reveals that the SRX could not be happened.

3.3. Mechanical properties

The hardness profile and the engineering strain-stress curve
(Figs. 14 and 15) disclose that the hardness and strength of the joint
are higher than those of the BM. The strengthening mechanisms in poly-
crystalline metals and alloys, which result in higher critical resolved
shear stress (CRSS) of the slip planes, can be classified as the precipita-
tion strengthening (A7), the solution strengthening (A7), the dislo-
cation strengthening (A7p), the grain boundary strengthening (Adyy,),
and the texture strengthening. Consequently, the yield strength (oy)
can be stated as follows [31]:

Oy = A0g + MTyor = A0g, +M

1
ATo + AT + (AT + AThy, ) / 2} (1)

where M stands for crystallographic orientation factor (usually the
Taylor factor), T¢, represents the CRSS and A7, belongs to the intrinsic
strength of pure metal. According to Eq. (1) and the point that the BM
was a single-phase alloy without precipitates, the strengthening
mechanisms causing dissimilar strengths in BM and joint are A0g,
ATp and the texture influence. The strength due to the grain boundaries
in a recrystallized metal can be formulated as follows [32]:

A0g = aaGb[(1=fre) ('/5) + fre(' /)] @)

where o, stands for a constant, G refers to the shear modulus, b belongs
to the Burgers vector, fz. represents the recrystallized volume fraction, o
states the subgrain size of the unrecrystallized part, and the D denotes
the grain size of the recrystallized part.

According to the Eq. (2) and the EBSD maps of the BM, TMAZ and SZ
(Figs. 4-6), A0gy, of the SZ and TMAZ will have larger amounts than that
of the BM. Furthermore, the rise in CRSS owing to dislocations can be
formulated as following equation [33]:

Aop = o1Gby/p (3)
where o, refers to a constant and p stands for the dislocation density.

According to the STEM images of the BM, SZ and TMAZ (Figs. 10, 16a-
b), it is clear that the dislocation density in the TMAZ and SZ are higher

.
45°

max = 6.549

Constant angle: ¢2 5.624
4699

q)l (0.0‘:-360.0”) 3774
—2.850
— 1925
—1.000

O (0.0°-90.0°) — 0.075

Fig. 13. The ODF sections of final PFs shown in Fig. 12f at 2 = 0° and @2 = 45°.
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Table 1
Main ideal orientations in simple shear deformation and recrystallization in FCC metals
[27].

Euler angles (°)

Notation Miller indices ©; [y ©

(Simple shear deformation)

A7 (111)[112] 35.26/215.26 45 0/90
125.26 90 45

A (111)[112) 144.74 45 0/90
54.74/234.74 90 45

A (111)[110] 0 35.26 45

A (111)[110 180 35.26 45

B (112)[110] 0/120/240 54.74 45

B (112)[110] 60/180 54.74 45

c {001X110) 90/270 45 0/90
0/180 90 45

(Recrystallization)

Cube {001X100) 0 0 0

- {236)(385) 79 31 33

Goss (G) {011)(100) 0 45 0

S {123X634) 59 37 63

P {011X122) 70 45 0

Q {013)231) 58 18 0

R (124)211) 57 29 63

than that of the BM, which will cause to larger values of A7p. Addition-
ally, the influence of crystallographic texture on the strength has been
presented in term of the factor M in Eq. (1). For exploring the effect of
factor M, the Taylor factor in the different regions of the BM, TMAZ
and SZ have been calculated from EBSD data for both compression
along RD (microhardness tests) and tension along TD (tensile tests).
The Taylor factors were estimated 2.92, 2.94, and 3.11 in the case of mi-
crohardness tests, and 3.04, 3.14, and 3.08 in the case of tensile tests for
BM, TMAZ and SZ, respectively. Therefore, the Taylor factors of the SZ
and TMAZ are higher than that of the BM, which leads to higher M
and consequently higher strength.

4. Conclusion

In summary, the evolution of microstructure during FSW of a single-
phase brass alloy and corresponding strengthening mechanism were in-
vestigated using EBSD and TEM techniques. The microstructure, fraction
of HAGBs, LAGBs and =3 TBs, and texture analysis of the BM, TMAZ and
SZ revealed that the CDRX was the dominant restoration mechanism

Microhardness (Hv)

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

Distance from weld center (mm)

Fig. 14. Hardness profile of the joint along centerline of its cross section.
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Fig. 15. Engineering stress-strain curves of the BM and joint.

during FSW, the DDRX occurred to some extent, and the GDRX and
SRX were not happened. The lamellas TBs were formed in the SZ due
to growth of recrystallized grains. Three strengthening mechanisms,

e PR R

Fig. 16. (a) STEM image of the BM showing an annealing twin and low density of
dislocations, and (b) STEM image of the TMAZ displaying high density of dislocations.
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including grain boundary, dislocation and strengthening due to crystal-
lographic texture were identified as the main reasons of the higher
hardness and strength of the joint compared to BM.
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