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Heterogeneous structure-induced strength and ductility synergy of
a-brass subjected to rapid cooling friction stir welding
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Abstract: The 2 mm-thick a-brass plates were successfully joined using conventional friction stir welding (CFSW)
with air cooling and rapid cooling friction stir welding (RCFSW) with liquid CO, cooling. The microstructure and
mechanical properties of the two welds were carefully investigated by electron back-scattered diffraction and
transmission electron microscopy. The stir zone of CFSW exhibited homogeneous equiaxed grains, while the stir zone
of RCFSW showed a heterogeneous grain structure, i.e. ultrafine grains containing massive dislocations and nano twins.
Compared with the CFSW, yield strength and ultimate tensile strength of RCFSW were increased by 31% and 24%,
respectively. The enhanced yield strength and improved strain hardening capacity were attributed to grain boundary
strengthening and dislocation strengthening. Furthermore, good ductility was achieved due to the released stress

concentration of the nano twins caused by the plastic deformation.
Key words: friction stir welding; brass; microstructure; recrystallization; mechanical properties

1 Introduction

o-brass (Cu—30Zn alloy) has several
advantages, such as excellent thermal conductivity,
corrosion resistance, and a combination of strength
and ductility. Therefore, it is typically used to
manufacture containers and heat exchangers that
contact corrosive media [1,2]. Welding technology
is an efficient method for a-brass structure
component manufacturing. In traditional fusion
welding processes, large heat input is required to
compensate for the heat loss resulting from the
good thermal conductivity of a-brass. Therefore,
defects such as cracks, porosities, and oxide
inclusions usually appear in the weld. The large
heat input also causes a wide heat-affected zone and
a grain-coarsened fusion zone, both of which
significantly reduce the tensile properties of the
joint [3].

Friction stir welding (FSW) is a solid-state
joining technique invented by The Welding Institute
of the UK. in 1991 [4,5]. During FSW, the
processing temperature is lower than that of the
melting point of the material, so defects, such
as cracks and porosities, can be completely
avoided [6,7]. MERAN [8] initially conducted FSW
technology on a-brass in 2006. It was found that
the evaporation of Zn disappeared due to the
significantly reduced welding temperature as
compared with that of fusion welding methods.
MOGHADDAM et al [9] reported that “stir bands”
usually appeared in the FSW a-brass joint owing to
the formation of Cu or Zn oxides. The formation of
“stir bands” decreased the strength and ductility of
the stir zone (SZ). After that, SUN and FUJII [10]
found that by increasing the axial pressure, the
strength of the SZ significantly increased due to the
enhanced dislocation density. Early FSW of a-brass
was conducted under large heat input. Although the
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strength of the SZ was close to or even exceeded
that of the base material (BM) by optimizing the
welding parameters (i.e., increasing the welding
speed, decreasing the tool rotation rate, or
increasing the axial pressure), the wide coarse-
grained heat-affected zone reduced the welding
efficiency. In recent years, rapid cooling FSW
(RCFSW) has been developed to modify the
microstructural features and tensile properties of
a-brass joints [11]. During RCFSW, a strong
cooling medium, such as liquid N, or liquid CO,, is
used to increase the cooling rate and reduce the
peak temperature of the joint. This technology
causes heat-affected zones to disappear and
ultrafine grains with massive dislocations to form in
the SZ. The transverse tensile test shows that the
fracture occurs in the BM, indicating that the
strength of the welded joint is improved. The SZ
also shows a good combination of strength and
ductility, i.e., the strength of the SZ increases
without a significant decrease in ductility. The
strength and ductility of the SZ are closely related
to the microstructural characteristics, so it is
important to study the strain hardening behavior
during tensile deformation. Previous studies have
investigated the strain hardening behavior of the SZ
of various FSW metals and alloys, such as pure Cu,
Mg alloy, and steel [12—14]. The strain hardening
behavior of the SZ is mainly influenced by the grain
size. During conventional FSW (CFSW), the slow
cooling rate and high peak temperature reduce the
ratio of substructures. In fact, substructures such as
dislocations and deformation twins show major
influence on the mechanical properties of the
welded joint. However, the effect of substructures
on the strain hardening behavior is generally
neglected. Therefore, in this work, both CFSW and
RCFSW were conducted on a-brass to produce two
SZs with different microstructural characters.
Electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM) were used
to investigate microstructural evolution. The
connection between the microstructural features and
tensile properties of the SZ was discussed in detail.

2 Experimental

Cold-rolled commercial a-brass plates were
used as the BM in this study. The dimensions of
the BM were 200 mm (length) x 100 mm (width) x
2 mm (thickness). Initially, the BM was annealed at
600 °C for 1 h to homogenize the microstructure.
The chemical composition and mechanical
properties of the annealed BM are given in Table 1.
Before welding, the butt surfaces were cleaned with
acetone and ethanol. The workpieces were tightly
fixed on a steel-made backplate and then joined by
CFSW and RCFSW, respectively. The FSW tool
was made of WC—Co based steel. The tool had a
concave shoulder (12 mm in diameter) and a
columnar pin (4 mm in diameter and 1.9 mm in
height). The welding parameters of CFSW and
RCFSW remained constant, with a welding speed
of 200 mm/min, rotation rate of 600 r/min, tilt angle
of 3°, and axial pressure of 0.8t. During the
RCFSW, a liquid CO; nozzle with the same speed
as the welding nozzle was set 50 mm behind the
tool (Fig. 1).

After welding, the cross-section specimens
were cut perpendicularly to the welding direction
for microstructure characterizations. The specimens
were mechanically ground, polished, and then
etched using a mixture solution of 5g ferric
chloride, 3 mL hydrochloric acid, and 50 mL
ethanol for optical microscopy (OM, Axio Imager
A2m, ZEISS, Germany). EBSD was used to
characterize the microstructure of the BM, the SZ,
and the vicinity of the keyhole. The EBSD
crystallographic data acquisition system (EDAX
TSL OIM™, USA) was installed in a field-emission
scanning electron microscope (SEM, JSM-7500,
JEOL Ltd., Japan). EBSD examinations were
conducted with an accelerating voltage of 20 keV
and a step size of 0.4 um. EBSD specimens were
mechanically ground and then electropolished using
a mixture solution of 250 mL phosphoric acid
(Yasheng Ltd., China), 250 mL ethanol (Yasheng
Ltd., China), and 500 mL distilled water. Some

Table 1 Chemical compositions and tensile properties of as-received a-brass

Chemical composition/wt.%

Tensile properties

Ultimate tensile Yield strength Total elongation
Cu Zn Fe Pb
strength (UTS)/MPa (YS)/MPa (TE)/%
69.5 Bal. 0.05 0.03 360 115 60
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Fig. 1 Schematic diagram of RCFSW process and
welding tool (The transverse direction, welding direction,
and normal direction are indicated by TD, WD and ND,
respectively)

liquid N, was added to the solution to maintain the
temperature below —30 °C. The polishing voltage
and time were set to be 20 V and 60 s, respectively.
The average confidence index of each scan ranged
from 0.57 to 0.79, and data points with a confidence
index less than 0.1 were excluded. The cut-off angle
was 2° when the misorientation angle was evaluated
in the EBSD data. TEM (JEM-2100, JEOL Ltd.,
Japan) was also wused to characterize the
substructures of the SZ, the thermo-mechanically
affected zone (TMAZ), and the vicinity of the
keyhole. The accelerating voltage of the TEM
examinations was 200 keV. The TEM specimens
were initially ground to ~50 um, and then further
thinned using a double jet electropolishing device at
10V and -30°C. To investigate the tensile
properties of the SZ, dog-bone shaped tensile
specimens were prepared according to the standard
of GB/T 2651—2008. The gauge sizes of the tensile
specimen were 12 mm (length) x 4 mm (width) X
1.5 mm (thickness). Tensile tests were carried out
on an Instron 3369 electronic universal material
testing machine with a strain rate of 1x107 s

3 Results and discussion

3.1 Surface appearance

Figure 2 shows the surface appearance of the
two welds. Compared with CFSW, the RCFSW
joint had a bright surface and flash did not appear
on the SZ side. Since the liquid CO, cooling
decreased the peak temperature, the flowability of
the materials was also reduced. The amount of
material involved in the plastic flow was reduced,

and no redundant materials were spilled from the
edge of the shoulder. Furthermore, the cooling rate
significantly increased, and no oxidation was
generated on the welded surface, resulting in a
bright and smooth surface appearance.

\} N Y

I

4

M

Ly

Fig. 2 Surface appearance of FSW welds: (a) CFSW;
(b) RCFSW

3.2 Microstructure evolution

The OM images of the BM and SZ center are
shown in Fig.3. As a result of the annealing
treatment, the BM exhibited coarse equiaxial grains
with massive annealing twins. The grain structure
of the two SZs was significantly refined compared
with that of the BM. Specifically, the SZ of
RCFSW had an ultrafine grain structure. Although
the same welding parameters were adopted in the
two welding processes, the grain structures in the
two SZs were quite different. Liquid CO, sprayed
from the nozzle rapidly transformed into dry ice
powder and was uniformly applied to the FSW tool
and the weld surface. The sublimation of the dry ice
needed a large amount of heat, resulting in reduced
peak temperature and enhanced cooling rate. The
cooling of liquid CO, weakened the driving force of
grain growth, resulting in an ultrafine grain
structure of the SZ of the RCFSW.
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Figures 4 and 5 show the EBSD results of the
BM and the SZ center. The average grain size of the
BM was calculated with the linear intercept method
to be 36 pm. The number fraction of high-angle
grain boundaries (HAGBs) was 97%, of which 58%
were twin boundaries (TBs). This means that the
BM showed complete annealing microstructural
features. The SZ of CFSW exhibited an equiaxed
grain structure with an average grain size of 9 pm.
The HAGBs ratio was 85%, and 29% of them were
TBs. In contrast, the SZ of RCFSW exhibited finer
grains than that of CFSW, and its average grain size
was shown to be 1.2 um. The low-angle grain
boundaries (LAGBs) ratio increased to 29%, and
the TBs ratio decreased to 16%. Although the
welding parameters were the same, the SZs

exhibited different microstructures because they
experienced different thermal cycles resulting from
different cooling media. Cooling with liquid CO,
had the following effects on the microstructure:
(1) During severe plastic deformation (stirring
stage), a lower deformation temperature led to
smaller recrystallized grain sizes; (2) During the
post-welding stage, the increased cooling rate
inhibited grain growth, leading to a reduced ratio of
TBs; (3) Enhanced cooling rate hindered the
recovery and annihilation of dislocations, resulting
in an increased LAGB:s ratio.

Figure 6 shows the microtexture of the SZ
center. During FSW, the materials experienced
severe shear deformation due to the high-speed
rotating tool, causing shear textures to be formed in

oo N st

Fig. 3 OM microstructures: (a) BM of CFSW; (b) SZ of CFSW; (¢) SZ of RCFSW

Inverse pole figure

Grain boundary map

LAGB: 2°<60<15°

HAGB: 6> 15°

TB: 6=60°

Fig. 4 EBSD characterization results of BM and SZs



Nan XU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3785-3799 3789

100

801

60

40t

Number fraction/%

20

Fig. 5 Histogram of misorientation angle distribution of
BM and SZs

the SZ. The shear texture is usually described in
term of {hkl}(uvw), in which the {hkl} plane and
the (uvw) direction are parallel to the shear plane
(pin surface) and shear direction (the tangent
direction of the pin surface), respectively [15]. The
SZ of the RCFSW showed a B-type {112}(110)
shear texture. This texture is usually formed in
face-centered cubic (FCC) metals or alloys that are
subjected to shear deformation [14], indicating that
the materials receive simple shear deformation
during the FSW. However, the SZ obtained by

CFSW showed the textures containing B-type
{112}(110) and Goss-type {110}{001) components,
and the strength of the B-type {112}(110)
component was significantly weakened. The Goss-
type {110}(001) texture is usually considered as
recrystallization texture in deformed FCC metals or
alloys [15]. This means that recrystallization or
grain growth occurring in the SZ of CFSW was
caused by the post-annealing effect. As it was
difficult to produce dislocations during grain
deformation with Goss-type {110}(001) orientation,
the sample showed a relatively low dislocation
density in the grains interior. During the air cooling
stage, selective grain growth occurred in SZ, i.e.,
the grains with Goss-type {110}{001) orientation
grew preferentially [16]. Therefore, the texture
intensity of the Goss-type {110}{(001) orientation
was enhanced, while the texture intensity of the
B-type {112}(110) orientation was weakened.
During CFSW, the post-annealing effect can
cause dislocation recovery and selective grain
growth, which affect the accuracy of the analysis of
microstructure evolution during welding. Therefore,
an RCFSW joint was selected as a research target to
discuss the grain refinement mechanism during the
FSW process. The OM image of the transition
zone of the RCFSW joint is shown in Fig. 7(a). The
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Fig. 6 Experimental and exact microtexture results including (111) pole figures and orientation distribution function

(ODF) maps of SZs obtained by CFSW and RCFSW
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Fig. 7 OM image of transition zone of RC-FSW joint (a), original pole figures and ODF maps (b) and rotated pole

figures and ODF maps (c)

thermo-mechanically affected zone (TMAZ), which
is a transition region between the BM and the SZ, is
of significant importance to learn the grain
refinement mechanism during FSW. The TMAZ
showed an extremely inhomogeneous grain
structure, indicating that the partial dynamic
recrystallization (DRX) occurred in this region.
Figure 7(b) shows the original (111) and (110) pole
figures and orientation distribution function (ODF)
maps of the TMAZ. Compared with the exact (111)
pole figures and ODF maps (shown in Fig. 6), these
figures deviated from the exact position. Since the
shear plane normal (SPN) and shear direction (SD)
are not parallel to the ND and TD in the TMAZ, the
FSW shear plane can be approximately described as
a conical surface parallel to the boundary between
the TMAZ and the SZ [17]. As a result, the SPN
and the SD vary with changes in material positions.
Therefore, when analyzing the texture of the TMAZ,
it is necessary to rotate the original pole figures to
ensure SPN and SD consistency with the exact pole
figures. Figure 7(c) shows the rotated pole figures
and ODF maps. It can be seen that the TMAZ also
exhibits a B-type {112}(110) orientation, indicating
that the TMAZ experienced a shear deformation
process similar to the SZ.

Previous studies have reported that the grain
refinement during the FSW of FCC metals or alloys

is attributed to dynamic recrystallization (DRX).
Continuous DRX is the main recrystallization
mechanism for FCC metals or alloys with high
stacking fault energy (SFE), while discontinuous
DRX is dominant for materials with middle/low
SFE [18]. Figures 8 and 9 show the EBSD results
and TEM images of the TMAZ in the RCFSW joint.
As shown in Figs. 8(e) and 9(a), a new grain was
formed at the bulged original grain boundary. The
bulging phenomenon is related to the strain-
induced grain boundary migration, which indicates
that discontinuous DRX has occurred [19]. As
shown in Fig. 8(b), several HAGB fragments were
observed instead of the continuous LAGBSs,
indicating that LAGBs were transformed into
HAGBs (Fig. 9(b)). This is a typical microstructural
feature of continuous DRX. Continuous DRX
grains are formed by the rotation of subgrains,
which is different from discontinuous DRX [20].
TBs also play an important role in the grain
refinement [21]. As shown in Figs. 8(c) and 9(c, d),
the straight annealing TB was transformed into
a serrated boundary, and its thickness decreased
due to continuous plastic deformation. Then,
the adjacent TBs connected, resulting in the
formation of fine recrystallization grains. This
indicates that the geometric DRX occurred during
welding [22]. Figure 8(d) shows that the original
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Fig. 8 EBSD results of TMAZ in RCFSW joints: (a) Inverse pole figure; (b—f) Selected enlarged regions shown as grain

boundary maps
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Fig. 9 TEM images of TMAZ in RCFSW joint, showing different grain refinement mechanisms: (a) Discontinuous
DRX; (b) Continuous DRX; (c, d) Twinning-induced DRX
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TB was regarded as a potential nucleation location
of recrystallization grains similar to the grain
boundary bulging mechanism [23]. During the FSW
process, the original TBs were separated from the
exact twin/matrix misorientation of 60°(111) due to
severe plastic deformation, and then they gradually
transformed into serrated HAGBs. The dislocation
density increased due to the large strain gradient
around the serrated TBs. To coordinate the strain,
the dislocations near the serrated TBs were
rearranged to form LAGBs. As the strain further
increased, the LAGBs continuously collected the
dislocations and transformed into HAGBs. This
twin-dominated nucleation is called twin-induced
DRX [24].

It is worth noting that some microstructural
features of grain refinement induced by severe
plastic deformation were retained in the TMAZ
(Fig. 8(f)) because cooling with liquid CO,
inhibited the recovery of the deformed micro-
structure. For most FCC metals or alloys with
middle or high SFE (such as pure Cu or Al alloys),
the increase in dislocation density caused by severe
plastic deformation and the segmentation of large
grains by the dislocation boundaries are the basic
mechanisms for grain refinement, i.e., dislocation

GNBs

Dislocations

subdivision mechanism. In FSW, the materials
were deformed at elevated temperatures, and the
SFE increased with increasing the deformation
temperature  [8]. However, the dislocation
subdivision mechanism has not yet been reported in
the FSW of FCC metals with low SFE. A schematic
of the dislocation subdivision in the FSW process is
shown in Fig. 10. In the advancing side region, the
original grains in the BM began to become involved
in the stirring. This can be regarded as the
low-strain stage of plastic deformation, in which
massive dislocations are formed within the grains.
As the materials were driven to the leading side
region, the strain increased and dislocation cells
were gradually formed. As the strain increased
further, the dislocation cells increased, and the cell
size decreased as the material reached the retreating
side region. The dislocations became concentrated
on the cell walls and did not exist within the cell
interior. When the diameter of the dislocation
reached a minimum size, it no longer decreased
with increasing strain. Thereafter, if plastic
deformation continued, dislocation cross-slip and
dynamic recovery occurred. Eventually, as the
material reached the trailing side region, the
dislocations on the cell wall continuously tangled

LAGBs

New grain

Fig. 10 Schematic diagram of dislocation subdivision mechanism
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and a two-dimensional interface was formed such
as LAGB or HAGB, resulting in the formation of
an ultrafine grain.

To verify dislocation subdivision mechanism
on grain refinement during the FSW of a-brass,
careful EBSD and TEM characterizations were
carried out at the leading side and trailing side
regions, and the results are shown in Figs. 11-13.
As strain gradually increased in the leading side
region, the fraction of LAGBs increased to 68%
due to dislocation multiplication in the grains
(Figs. 11(a, b)). Dislocation slip occurred to
coordinate the strain during plastic deformation,
thus forming dislocation boundaries (Fig. 13(a)).
These dislocation boundaries, which subdivide the
grain into dislocation cells, can be divided into two
types: geometrically necessary boundary (GNB)
which coordinates the rotation of adjacent regions,
and incidental dislocation boundary (IDB) which
reduces the system energy [25,26]. Also, initial
annealing TBs changed into normal HAGBs
(Fig. 11(c)). When the materials reached the trailing
side region, the strain reached its maximum value,
and ultrafine grain structure was generated (Fig. 12).

(c) 70

Misorientation/(°)

3793

Dislocations on the GNB and IDB underwent
rearrangement and annihilation, which reduced the
system energy. Then, dislocation boundaries were
transformed into subgrain boundaries. Therefore,
the LAGBs ratio decreased to 54%. These subgrain
boundaries progressively increased their mis-
orientations by absorbing the dislocations and
eventually being transformed into HAGBs

(Fig. 13(b)).

3.3 Mechanical properties

True stress—strain curves of the SZs are shown
in Fig. 14(a), and their tensile properties are
summarized in Table 2. Compared with the BM, the
total elongation of the SZs was reduced, but their
ultimate tensile strength (UTS) and yield strength
(YS) were significantly increased. The SZ obtained
by RCFSW showed the highest UTS and YS values
of 491 MPa and 228 MPa, respectively.

The strain hardening exponent (#) and strain
hardening rate () are typically used to evaluate the
strain hardening behavior of metal materials [27].
The strain hardening exponent can be calculated
with the Hollomon Ludwik equation [28]:

Perfect matrix—twin orientation
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Fig. 11 High-resolution EBSD characterization results of leading side region: (a) Inverse pole figure; (b) Grain

boundary map; (c) Point-to-point orientation from A to B shown in (a)
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Fig. 12 High-resolution EBSD characterization results of trailing side region: (a) Inverse pole figure; (b) Grain

boundary map; (c) Grain size distribution
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Fig. 13 TEM characteristics of leading side region (a)
and trailing side region (b)

o=0ytK(e~¢,)" (M

where ¢ and ¢ are the true stress and true strain,
respectively, oy and ¢, are the yield stress and the
yield strain of the material, and K is the strength
coefficient. By taking the natural logarithm, Eq. (1)
can be converted in the following way:

In(o—0y)=In K+nln(e—z,) ©)

Figure 14(b) shows the fitting results of the
strain hardening exponent (7) of the SZs based on
Eq. (2). It was found that the n value of the SZ
obtained by RCFSW was higher than that obtained
by CFSW. Figure 14(c) shows the curves of strain
hardening rate versus true strain of the SZs. The
two SZs exhibited similar strain hardening stages,
namely the initial rapid reduction stage and the
subsequent slow reduction stage, which correspond
to Stage III and Stage IV of strain hardening
behavior, respectively [29].

The YS of the RCFSW increased by 31%
compared to that of CFSW, and it was primarily
determined by the following three strengthening
mechanisms:

— 2 2 2
O-y - O-O + \/ O-Solid—solution + O-Grain—boundary + O-Dislocation

A3)
where oy (25 MPa) is the flow stress of pure copper
in the annealed state. OSolid-solutions OGrain-boundarys and

Obislocation are the contributions to the YS of the
solution element, grain size, and the dislocation
density, respectively.
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Fig. 14 Tensile test results of SZs obtained by CFSW and
RCFSW: (a) True stress—strain curves; (b) Fitting results
of strain hardening exponent; (c) Strain hardening rate
curves

Table 2 Tensile properties of SZs obtained by CFSW and
RCFSW

Process UTS/MPa YS/MPa  Total elongation/%
CFSW 397 174 31
RCFSW 491 228 24
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(1) Solution strengthening, osojig-soluiton
The contribution of solid solution element (Zn)
to the YS can be calculated as follows [30]:

OSoli-solution—41 c' (4)

where H (6.16 MPa/wt.%) is the increment of YS of
Cu caused by per mass fraction of Zn, C is the
content of Zn (wt.%), and » is determined to be 1
for FCC metals. Due to the solid solution of Zn, the
lattice distortion in the Cu matrix hinders the
dislocation movement. Based on Eq.(4), the
contribution of 30% of Zn to the YS is 184.8 MPa.
(2) Grain boundary strengthening, 0Grain-boundary
The contribution of grain refinement to the YS
can be calculated by Hall—Petch relationship [31,32]:

— 12
O Grain-boundary_kf (5 )

where k (110 MPa-um"?) is a constant and d is
the average grain size. Based on Eq.(5), the
contribution of the grain size to the YS is 36 and
100 MPa for CFSW and RCFSW, respectively. For
the SZ in the RCFSW, the increased ratio of HAGB
can effectively block the movement of dislocations,
so that higher Y'S can be obtained.

(3) Dislocation strengthening, opisiocation

The contribution of dislocation density to the
YS can be calculated by Taylor relationship [33]:

O-Dislocation =M aGb\/; (6)

where M (3.1) is the Taylor factor, G (39 GPa) is
shear modulus, » (0.26 nm) is the magnitude of
Burgers vector, o (0.2) is a constant and p is
dislocation density. Dislocation density is usually
evaluated by TEM characterization [34]. The TEM
specimen with a thickness of ¢ was tilted to the best
position where most dislocation could be observed.
Then, a standard square grid was added to the TEM
image to calculate the number of intercept points N
and the total dislocation length L. Finally, the
dislocation density could be estimated using the
following formula:

_2N
Li

Based on Eq. (7) and Fig. 15, the dislocation
densities of CFSW and RCFSW were calculated to
be 1.6x10"” and 4.8x10”m™ respectively. By
combining Egs. (6) and (7), the contributions of the
dislocations to the YS of CFSW and RCFSW are
25.1 and 43.6 MPa, respectively. As shown in
Fig. 5, the ratio of LAGB in the RCFSW was higher

(7

Fig. 15 Dislocation structure in grain interior: (a) CFSW;
(b) RCFSW

than that in the CFSW and mainly composed of
substructures, such as dislocation cells [35,36]. This
means that the dislocation density in the SZ of the
RCFSW was higher than that of the CFSW, which
is consistent with the TEM characterization results.
Because of the increased cooling rate, both the
grain growth and dislocation recovery were
restrained, and the dislocations induced by severe
plastic deformation were maintained in the grains.
The massive dislocation tangles hindered the
dislocation propagation and movement. In the next
plastic deformation stage, additional stress had to
be applied to overcoming the resistance of the
dislocation tangles, so the contribution of the
dislocation density to the YS of the RCFSW is more
obvious.

The experimental and predicted YS values of
the SZs are summarized in Table 3. It was found
that the experimental and predicted YS of RCFSW
were in good agreement, which indicates that the
model can accurately predict the YS profile of the
RCFSW. For the CFSW, the YS calculated by the
same model was 23% higher than the experimental
profile because the model did not consider the
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Table 3 Contribution of individual strengthening mechanism to YS (MPa)

Process 0o OSolid-solution OGrain-boundary ODislocation Calculated Oy Experimental Oy
CFSW 25 185 36 25 214 174
RCFSW 25 185 100 43 238 228

unavoidable micropores caused by the Cu and Zn
oxides (i.e., stir band), which are usually detected
during the CFSW of a-brass (Fig. 16). Due to the
existence of micropores, the predicted YS of the
CFSW was higher than the experimental value.
These investigations into the evolution of the
microstructure, mechanical properties, and the
strengthening mechanism reveal that remarkable
grain refinement and increased dislocation density
play key roles in improving the YS of the RCFSW.

Fig. 16 Micropores formed in SZ of CFSW

The strain hardening behavior after yielding is
also closely related to grain size and dislocation
density. A high quantity of dislocations and grain
boundaries in the RCFSW increased the flow stress
for the continued deformation of the material,
increasing the strain hardening exponent. As shown
in Fig. 14(c), both the SZs in the CFSW and
RCFSW exhibited in Stage III and Stage IV of the
strain hardening behavior [37]. The strain hardening
rate significantly decreased in Stage III. During the
dislocation slip process, dislocation annihilation
typically occurred, resulting in the reduced strain
hardening rate. After a certain amount of strain
accumulation, the strain hardening entered into
Stage IV. In this stage, the decreasing tendency of
the strain hardening rate was slower than it was in
Stage III. Due to the dislocation cell continuously
absorbing dislocations, the cell structure was
transformed into a subgrain boundary when the
dislocation density reached a certain value. The

strength was improved by substructures, which
slowed down the reduction of strain hardening rate.
EBSD and TEM results show massive substructures
in the grains of RCFSW, giving the weld a
relatively high strain hardening rate in Stage IV.
More importantly, the total elongation still reached
24%, indicating a relatively good ductility. As
shown in Fig. 17, nanoscale deformation twins can
be detected in the SZ of RCFSW. Since TB can be
regarded as a coherent boundary, it can absorb and
decompose dislocations to accommodate the strain
caused by plastic deformation [38—40].

Fig. 17 Nano twins in grain interior of SZ obtained by
RCFSW

In summary, the strength and ductility of the
SZ obtained by RCFSW can be attributed to the
combination of the strengthening mechanisms that
include grain boundary strengthening, dislocation
strengthening, and twin toughening. The effect of
microstructure on the mechanical properties of the
SZ obtained by RCFSW is schematically shown in
Fig. 18. During FSW, the materials experience
severe plastic deformation at high temperatures.
Due to liquid CO, cooling, the dislocations and
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Deformation twin (nano-scale)

Deformation strengthening
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(@
Fig. 18 Schematic diagram of strengthening and toughening mechanism of SZ obtained by RCFSW: (a) Before tension;
(b) After tension

nano twins generated during plastic deformation
were kept within the grain interior, and the grain
growth was restricted. As a result, the RCFSW
exhibited ultrafine grains with massive dislocations
and TBs. During subsequent tensile test, owing to
the heterogeneous structure, the strength of the
SZ significantly increased. Furthermore, when a
dislocation moved to the TB, it was decomposed
into two partial dislocations: one entered in the twin
interior, and the other remained at the TB. The TB
accommodated considerable plastic strain and
effectively released the stress concentration caused
by the plastic deformation. As a result, the strength
of the RCFSW significantly increased without a
considerable decrease in ductility.

4 Conclusions

(1) By using liquid CO, cooling, the FSW
exhibited an ultrafine grain structure with massive
dislocations and nano twins. Heterogeneous
microstructures were produced in the a-brass
welded with RCFSW technology. Grain refinement
in the FSW is attributed to a combination of the
include multiple DRX and
dislocation subdivision.

(2) Compared with the CFSW, the YS and
UTS of the RCFSW were increased by 31% and
24%, respectively, due to the ultrafine grain
structure and enhanced dislocation density. The YS
of the RCFSW can be accurately predicted by a
calculation model due to micropore elimination
through liquid CO; cooling.

(3) The RCFSW exhibited good
hardening capacity compared with the CFSW,

mechanisms that

strain

Grain boundary
strengthening

(b)

indicating that the heterogeneous microstructure
improved the strain hardening capacity of the SZ.

(4) The total elongation of the RCFSW was
24%. As strength increased, ductility did not
decrease because the nano twin boundary could
effectively release the stress concentration caused
by plastic deformation.
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