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Abstract

Friction stir welding (FSW) of galvanized steel offers unique advantages as it can avoid the extensive metallurgical problems
associated with fusion welding. However, conventional FSW still leads to a higher temperature in the stir zone, which dete-
riorates the microstructure. To obtain a satisfactory weld, the welded joints of galvanized steel were created by FSW with dif-
ferent cooling rates employing a W—Re rotary tool with a large-diameter needle. The correlation between the microstructure
evolution and mechanical behavior of joints at different cooling rates was systematically studied. The results demonstrate
that the rapid cooling rate favors the refinement of ferrite and diffuse distribution of Fe;C. In addition, weakening of the
texture and dispersion of dislocations were also observed after fast cooling FSW. It can be concluded that the microstruc-
tural evolution mechanism of the stirring zone (SZ) is continuous dynamic recrystallization at a slow cooling rate, while the
microstructure has discontinuous dynamic recrystallization as the primary evolution mechanism at a fast cooling rate. Based
on these advantages, the tensile specimens with fast cooling FSW obtained a synergistic improvement in strength-ductility,

even surpassing the base material. This work provides new ideas for welding galvanized steel.
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1 Introduction

Stainless steel, with excellent corrosion resistance and
mechanical properties, is becoming more and more widely
used [1, 2], but its high price leads to higher economic
costs. In contrast, cheap galvanized steel is a metallic mate-
rial obtained by galvanizing plain carbon steel, which pro-
vides excellent corrosion resistance and mechanical proper-
ties. Therefore, it is a widely used material for automotive
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structures [3]. However, the weldability is much less than
that of common steel because the presence of the galva-
nized layer will make galvanized steel produce porosity and
spatter during the welding, which will reduce the quality of
the products [4, 5]. In addition, high temperatures and toxic
fumes can be harmful to the operator’s health.

Current research on the welding of galvanized steel is
focused on the protection of welding equipment, defect
detection, and defect prediction. For example, Xing et al.
[6] found that resistance welding of galvanized steel leads to
a significant reduction in electrode life, which they success-
fully predicted through qualitative and quantitative analy-
sis. Zdraveck4 et al. [7] analyzed the mechanism of poros-
ity formation in galvanized steel during laser welding and
found that process parameters have a strong influence on the
quality of galvanized steel welding. Ma et al. [8] proposed
a method for detecting defects in galvanized steel welds
based on active visual perception and machine learning,
which is of great help for robotic welding manufacturing.
Wan et al. [4] developed a thermal fluid numerical model to
successfully predict spatter in thin galvanized steel sheets
during laser welding. Although these studies have provided
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numerous improvements to the welding of galvanized steel,
they have not addressed the root cause of the welding prob-
lems in galvanized steel. In this context, friction stir welding
(FSW), a new solid phase joining technique, can be a per-
fect solution to these problems [9]. In addition, the narrow
heat-affected zone (HAZ) is uniformly homogeneous with
the base material (BM) and the weld often has more perfect
microstructures and properties as a modified zone.

FSW of low melting point materials (aluminum alloys,
magnesium alloys, polymers, etc.) has achieved impressive
success and commercial applications in the last decades.
For example, Bagheri et al. [10] used the Taguchi method
to optimize the FSW parameters for AA6061-T6 aluminum
alloy and combined it with numerical simulations to verify
that the joints prepared with the optimum parameters were
more satisfactory. Adibeig et al. [11, 12] explored the effect
of process parameters on the mechanical properties of poly-
mer FSW joints, and the results showed that FSW is suitable
for thermoplastics, which provides a new joining method
for polymers. Schmidt et al. [13, 14] were the first to inves-
tigate the temperature field and flow field characteristics of
aluminum alloys during FSW, and they gave methods to
evaluate the material flow velocity through experiments and
numerical simulations. These works have provided a solid
theoretical basis for expanding the industrial applications
of FSW. With the gradual systematization of FSW-related
research, FSW-derived technologies such as friction stir pro-
cessing [15], friction stir vibration welding (FSVW) [16,
17], and friction stir vibration processing (FSVP) [18] have
emerged. The Abbasi team [19, 20] recently implemented
FSVW and finite element analysis on magnesium and alu-
minum alloys. The results showed that FSVW is beneficial
in increasing the dislocation density in the weld zone and
promoting grain refinement. In addition, they prepared alu-
minum matrix composites by FSVP [18]. The results showed
that the FSVP helped to improve the microstructure and the
second-phase distribution, which resulted in a synergistic
enhancement of wear resistance and corrosion resistance.

Recently, some researchers have performed FSW by
increasing the cooling rate [21-23] to prepare more per-
fect welds. The main advantages include two aspects: (I) a
significant reduction in the peak welding temperature and
(IT) further refinement of the microstructure and regulation
of precipitates. Abbasi et al. [21] investigated the effect of
the welding environment on the dynamic recrystallization
(DRX) and residual stress during FSW of aluminum alloys.
The results showed that the water-cooled environment is con-
ducive to exacerbating the DRX and effectively inhibiting
the growth of the grains and increasing residual compressive
stresses, which resulted in the synergistic improvement of the
strength and the ductility. Bagheri et al. [22] studied FSW of
6061 aluminum alloy using smooth particle hydrodynam-
ics (SPH) numerical analysis. They found that underwater
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welding resulted in better cooling, lower peak temperatures,
and higher stress distributions compared to conventional
welding. Luo et al. [23] used CO,-assisted FSW to weld 7075
fine-grained aluminum alloy and obtained significant grain
refinement and satisfactory mechanical properties.
Although the FSW of high melting point materials has not
been developed to the level of low melting point materials,
some excellent research results have been achieved for the
FSW of steel. For example, Cao et al. [24] successfully pre-
pared ultra-fine-grain duplex stainless steel joints by under-
water FSW. They found that the water-cooled environment
promotes a more uniform and balanced distribution of o and
B phases, which leads to a synergistic increase in strength-
plasticity. Wang et al. [25] investigated in detail the micro-
structure evolution of TRIP steel after FSW. They concluded
that martensitic transformation occurs in the stirring zone
(SZ) and thermos-mechanically affected zone (TMAZ) after
FSW, with a decrease in the residual austenite and an increase
in the degree of grain refinement. Saeid et al. [26] investigated
the recrystallization behavior of different phases of duplex
stainless steel during FSW. The results indicated that ferrite
underwent a continuous dynamic recrystallization (CDRX),
while a static recrystallization with CDRX may occur for aus-
tenite. Not long ago, Bagheri et al. [27] proposed a new weld-
ing technique called friction stir vibration brazing (FSVB)
and successfully welded mild steel sheets using Sn—Pb braz-
ing material. The results showed that FSVB is conducive to
improving the quality of weld seam and grain refinement.
Nevertheless, there are few studies on the FSW of gal-
vanized steel. Moreover, there is still a lack of in-depth
research on the impact of the cooling rate on the FSW of
galvanized steel. Considering the engineering value of gal-
vanized steel, the study focused on the preparation of high-
performance joints of galvanized steel by FSW and investi-
gated the correlation between the microstructure evolution
and mechanical behavior of joints at different cooling rates.

2 Materials and methods
2.1 Materials and FSW experiment

The BM is the hot dip galvanized steel (DX51D) with dimen-
sions of 140 mm X 60 mm X 3 mm and its chemical composi-
tion includes 0.07 C, 0.32 Mn, 0.04 P, 0.02 S, 0.015 Si, 0.3
Ti, and Bal. Fe (wt.%). After a series of pre-experiments,
the FSW experiments were performed, while maintaining
the constant rotational (800 rpm) and transversal speeds (50
mm/min). The rotation tool maintained a tilt angle of 2° and
an axial shoulder tie in depth of 0.3 mm during welding. A
combined rotary tool was designed, as shown in Fig. 1(a).
Unlike low melting point metals, steel will maintain consid-
erable flow stress during FSW, which tends to lead to high
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Fig.1 a Assembly drawing and
dimensional details of the rotary
tool, b schematics of FSW and
cooling system, c real picture of
welding process, and d illustrate
position and size of the meas- s
ured specimen (unit: mm)
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contact stress and tool wear [28]. Therefore, the welding
tool made of W-Re and the clamping part made of H13
steel were designed to be assembled as two separate parts.
The welding tool with a shoulder diameter of 12 mm comes
with a concave conical pin 2.5 mm in length, which has a
root diameter of 11 mm and a base diameter of 6 mm. This
large-diameter concave conical pin not only enhances the
plastic flow of the material but also helps to reduce wear and
tear to extend the life of the tool [29].

A set of tooling was designed to vary the cooling rate of
the weld, as shown in Fig. 1(b). The flowing room tempera-
ture water (20 °C) and hot water (80 °C) were introduced to
ensure that the temperature around the welded workpiece
is always constant during the cooling process. The height
difference between the inlet and outlet holes is 50 mm. The
inlet rate is controlled by adjusting the frequency of the
motor, and the outlet rate is controlled by adjusting the num-
ber of outlet holes and the diameter of the water pipe. The
flowing water was always guaranteed to submerge the work-
piece surface during the experiment and the depth of the
water is about 40 mm relative to the surface of the material
to be processed. A thermocouple is used to check the water
temperature to ensure that the water temperature is constant
during the welding process. It is simple to understand that
flowing water at 20 °C quickly removes the welding heat
and enables fast cooling friction stir welding (FCFSW) of
galvanized steel. Correspondingly, galvanized steel under a
flowing water stream at 80 °C undergoes slow cooling stir
friction welding (SCFSW). The actual scene of the welding
process is shown in Fig. 1(c).
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2.2 Microstructure characterization and mechanical
property

The samples perpendicular to the welding direction were
prepared to analyze the microstructure of welding zones, as
revealed in Fig. 1(d). The normal, transverse, and welding
directions were denoted as ND, TD, and WD, respectively.
The optical microscope (OM: OLYMPUS GX51), electron
backscattered diffraction (EBSD: Zeiss sigma 300), scanning
electron microscope (SEM: FIB, Volumescope 2), Energy-
Dispersive Spectrometer (EDS: Bruker, quantax-400) were
used to characterize the microstructure, elements, and phases
of the weld. The samples for OM were ground, polished, and
etched for 15 s in an alcoholic nitric acid solution with a con-
centration of 4%. The samples with 8 X 8 x3 mm? for EBSD
were mechanically ground and mechanically polished, then
electrolytically polished in the cross section with a solution
of 10% perchloric acid and 90% ethanol at 25 V and 25 °C.
The data was processed by Channel 5 software. In addition,
low-angle grain boundaries (LAGBs) are defined as the GBs
with a misorientation angle between 2 and 15°, and high-
angle GBs (HAGBsS) refer to the GBs with a misorientation
angle above 15°.

Room temperature tensile tests were performed using an
INSTRON 5965 testing machine with a stretching rate of 5
mm/min. Meanwhile, three tensile specimens of the joint
were made along the TD to guarantee accuracy. Fracture
topography and fracture characteristics were analyzed by
using SEM. Figure 1(d) illustrates the shape and size of the
tensile specimen.
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3 Results and discussion
3.1 Macroscopic morphology

Macroscopic defects usually lead to internal defects in
welds, so macroscopic morphology can be used as a stand-
ard for evaluating weld quality. Figure 2 (a) and (b) show
the surface morphology after SCFSW and FCFSW, respec-
tively. In both cases, no grooves or discontinuous defects
were found on the surface. The difference is that the surface
of the SCFSW joint exhibits a rougher annular structure
as well as more flash. In addition, no excessive oxidation
zone of the galvanized layer was observed on the surface of
the FCFSW joint near the edge of the SZ compared to the
SCFSW. This indicates that fast cooling significantly reduces
the harsh effects of welding thermal cycling on the weld,
which is because the flow ability of the plasticized metal
diminishes with the reduction of heat input [30]. Mabuwa
et al. [29] reported that flowing water has a strong cooling
effect during the FSP process because the high specific heat
capacity enables flowing water to acquire a high capacity for
heat absorption and dissipation. This law was also demon-
strated experimentally and through numerical simulations
by Bagheri et al. [22, 27]. It is worth noting that the cool-
ing efficiency of flowing water at 80 °C is greatly reduced
compared to room temperature water although the cooling
medium of this work is flowing water. Therefore, special
attention needs to be paid to the cooling rate of the welding

Fig.2 a—d The surface and cross-sectional views after SCFSP and
FCFSP, respectively
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environment although FSW can help to solve the metallur-
gical problems caused by fusion welding for the practical
application of galvanized steel. Increasing the cooling rate
can further prevent damage to the galvanized layer.

Figure 2 (c) and (d) are the cross sections of the two
joints. The basin-shaped SZ can be clearly distinguished.
The SZ is similar in shape to the rotary tool and a more
pronounced onion ring structure is observed in the SCFSW
joint. In addition, no defects are found in the two cross sec-
tions, which indicates that the selected process parameters
are reasonable. According to Abbasi et al. [21], water-cool-
ing will lead to an increase in the viscosity and the strain of
the material rate within the SZ, which results in a greater
influence of the welding tool on the material.

3.2 Microstructural analysis
3.2.1 Microstructural evolution

Although the macroscopic forming is good, the mechani-
cal properties of materials are usually determined by the
microstructure, so it is necessary to understand the evolution
law of the microstructure before analyzing the mechanical
properties. Combined with the F-Fe;C phase diagram, the
microstructure of the BM at different magnifications is made
of predominantly white ferrite (F) and a small amount of
black pearlite (P), as exhibited in Fig. 3(a), (b). The aver-
age grain size (AGS) is about 7.9 pm and there are some
visible coarse grain areas (blue oval) and some fine grain
areas (pink oval). The white F is irregular in shape and there
are some black pearlites with larger sizes. The microstruc-
tures of the TMAZ +HAZ of the SCFSW and FCFSW joints
(areas A and B in Fig. 2) are shown in Fig. 3(c), (d) and the
microstructures of SZ are shown in Fig. 3(e), (f). Acicu-
lar F, which is produced by nucleation of inclusions during
high-temperature cooling, was found in the TMAZ + HAZ
and SZ of SCFSW [31], but not in TMAZ +HAZ and SZ of
FCFSW. In addition, the FCFSW specimens had a narrower
TMAZ+HAZ (AGS = 4.4 pm) and higher grain refinement
in the SZ than SCFSW (AGS = 6.8 pm).

Overall, the microstructure of SCFSW shows acicular F,
polygonal F, and P, while the weld is characterized by equi-
axed F and diffuse P at fast cooling rates. Their morphol-
ogy at higher multiples is shown in Fig. 4. Korkmaz et al.
also found the presence of acicular F in TMAZ during the
preparation of FSW joints of mild steel [31]. In the work,
this phenomenon disappeared after accelerating the cool-
ing rate, which can be explained by the temperature field.
The temperature of FSW in steel under room temperature
water cooling tends to be lower than the phase transition
temperature, so F will undergo direct DRX without a phase
transition, eventually forming fine equiaxed grains.
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Fig. 3 Optical morphology of
microstructures of different
samples. a and b BM. ¢ and d
Areas A and B in Fig. 2. e and f
SZ of SCFSW and FCFSW
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Fig.4 SEM results of BM and SZ of different cooling rates: a BM, b SCFSW, and ¢ FCFSW

The material near the rotating tool can usually be divided
into a crush zone (CZ) and a flow zone (FZ) during FSW
[32]. The material in the FZ follows the tool and undergoes
intense DRX, which is known as the friction stirring effect.
The material in the CZ moves away from the rotating tool
and does not flow but is compressed at high temperatures.

As the tool moves towards the weld, the material in the CZ is
rapidly heated, deformed, and recrystallized when it comes
into contact with the hot material in the FZ [32]. During
FSW, the material in the FZ softens significantly at high
temperatures. The material in the HAZ usually retains con-
siderable strength for engineering alloys such as galvanized
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steel, so that the weld cross-sectional area is only slightly
larger than the diameter of the pin. In addition, when the
CZ collides with the hot FZ, the deformed grains are heated
and undergo more plastic deformation, evolving into fine
equiaxed crystals mainly through DRX. The grain size after
DRX is usually negatively correlated with the Zener-Hol-
lomon parameter (Z). The strain rate (¢) and the ambient
temperature (7) are commonly used to describe Z as follows
[19, 21]:

where Q and R stand for the activation energy and constant,
respectively. Therefore, the temperature around the weld is
low and the grain size in the SZ is significantly reduced dur-
ing FCFSW. As reported by Bagheri et al. [22], slow cooling
rates tend to lead to large grain sizes, while higher DRX
occurs and recrystallized grains fail to grow.

3.2.2 The mechanism of dynamic recrystallization

Although OM can reflect grain size and morphology, it is
difficult to analyze the crystallographic characteristics of
the weld. Therefore, EBSD along the TD-ND plane analy-
sis was performed to more clearly elucidate the mechanism
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of microstructure evolution under different cooling rates, as
shown in Fig. 5. Channel 5 software was used to calculate
the equivalent circle diameter of each grain to measure the
grain size. The AGS is the average value of the equivalent
circle diameter of all grains. The calculation formula is as
follows:

dags =D/N 2

where D is the sum of the sizes of all grains being counted
and N is the total number of grains to be counted. The initial
microstructure is a vital factor in determining the proper-
ties of metals and alloys. It can be seen from Fig. 5(a)—(d)
that the initial microstructure suffered from hot rolling was
inhomogeneous and consisted of elongated grains and some
equiaxed grains. The AGS is about 7.9 pm. The GB misori-
entation distribution confirms that the HAGBs are as high as
90.4%, which demonstrate that BM undergoes a long period
of DRX during hot rolling.

Figure 5(e)—(1) show the EBSD results of SZ in FCFSW
and SCFSW joints. Compared with BM, the grains of the
FCFSW sample are refined while the grains of SZ are coars-
ened in the case of slow cooling (Fig. 5 (e) and (i)). The AGS
of the SCFSW joint is about 6.2 pm but some grains are sig-
nificantly larger than BM. The AGS of the FCFSW sample
was about 2.3 pm, which is consistent with the results in
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Fig. 3. As discussed by Cao et al. [24], the thermal field was ~ DDRX and CDRX during the FSW of galvanized steel. As
very sensitive to the submergence conditions, which affects  can be seen in Fig. 5(e), the dislocation-free grains generated
not only the peak temperature, but also the time taken for the =~ by DDRX are finer and surrounded by coarse grains. The
material to exceed a certain temperature. Therefore, lower  reason for this is that the first layer of nuclei in the initial
peak temperature and shorter high-temperature residence  stage of DDRX tends to form a typical chain-like structure
time lead to more grain refinement. [34]. In addition, the proportion of LAGBs is as high as
Interestingly, the results for GBs show significant differ-  36.8% (Fig. 5(h)), which indicates that a large number of
ences in the microstructure evolution mechanism in the weld  sub-structures were retained just at the beginning of CDRX
of galvanized steel. The fractions of HAGBs for SCFSW  (Fig. 5(g)). In contrast, the SZ of FCFSW is dominated by
and FCFSW joints are 63.2% and 93.3%, respectively, as  fine dislocation-free equiaxed grains (Fig. 5(i)) and the per-
shown in Fig. 5 (g),(h) and (k), (1), which indicate that a centage of LAGBs is only 6.7% (Fig. 5(1)), which indicates
higher cooling rate favors the elimination of LAGBs. Dur-  that DDRX is dominant and completed.
ing FSW, the material within the flow zone underwent DRX. An important factor affecting the DRX mechanism is the
Dislocations would be rearranged and sub-grains that are stacking fault energy (SFE) during FSW [36]. On the one
often considered as LAGBs were formed. Subsequently,  hand, dynamic recovery (DRV) is easier for metals with high
the rotation of the sub-GBs led to an increase in the mis-  SFE. Therefore, dislocation slipping and climbing during
orientation angle, and the sub-GBs gradually evolved into  deformation is faster and it is easier to rearrange into sub-
HAGBSs. The initial sub-grains were small due to the lower GBs; thus, CDRX is an effective mechanism for the forma-
temperature, and fine grains were formed as the sub-grains  tion of HAGBs, as shown in Fig. 6(a). On the other hand,
evolved toward the main grains, which resulted in a higher  dislocation slipping and climbing are difficult and accumu-
proportion of HAGBs [21]. late inside the grains for low SFE materials. When a criti-
Differences in GBs are often due to different DRX mecha-  cal strain is reached, the high dislocation density difference
nisms. The continuous dynamic recrystallization (CDRX)  between adjacent grains will provide the driving force for
grains are shown by the green arrows in Fig. 5 (g) and (k). It DDRX-shaped cores [36—38], as shown in Fig. 6(b). It is
is characterized by an increasing misorientation angle and  well known that ferritic steel is a high SFE material. Theo-
a small migration of GBs with the accumulation and rota- retically, CDRX is the main mechanism of DRX in FSW.
tion of sub-GBs [33]. This phenomenon was particularly =~ CDRX is the main mechanism for the SCFSW sample, but
evident in the SCFSW sample. The fine equiaxed dislo-  DDRX is the main mechanism for the FCFSW sample.
cation-free grains shown by blue arrows in Fig. 5 (g) and  Therefore, it is necessary to consider the effect of the cool-
(k) are considered discontinuous dynamic recrystallization  ing rate. The approximate formula for the peak temperature
(DDRX) nuclei. It is characterized by the extension from  during FSW is [39]
the original GB to the region where recrystallization did T Ny
not occur [34, 35]. Based on the above analysis, it can be ro_ K( 0] ) 3)
concluded that the DRX mechanism is controlled by both T,

BM Dislocation cross-slip and climbing Pon‘mil;g the GBs CDRX grain growth
()

1
FAN BN A A A AR

BM Bulging GBs (b) DDRX forms nuclei DDRX grain growth

Fig.6 a The mechanism diagram of CDRX and b the mechanism diagram of DDRX
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where Tp is the peak temperature (°C) of the weld, T,, is
the melting point (°C) of the metal, w is the rotation speed
of the tool, v is the welding speed, and a and K are the
constants. Since the welding parameters are consistent, the
peak weld temperature is theoretically approximated. How-
ever, the peak temperature may only exist for a moment
and then drop rapidly under fast cooling conditions, while
the high temperature will stay for a longer time under a
slow cooling environment. Higher temperatures will lead
to higher SFE [40]. As a result, the decrease in peak tem-
perature and high-temperature residence time results in a
lower SFE and a more difficult CDRX as the cooling rate
increases.

The temperature of steel during FSW/P is much higher
than the temperature during heat deformation, as dem-
onstrated by several studies [33, 41-43]. Excessive tem-
perature promotes DRV, during which a large number of
dislocations slip and climb and form large misorientation
angles that may subsequently turn into grain boundaries.
Therefore, DRV is a major cause of CDRX. In addition,
numerous studies [44, 45] have shown that CDRX is the
main evolutionary mechanism of SZ for the conventional
FSP/W of steel. However, Hajian et al. showed that tem-
perature drop prompted the disappearance of CDRX and the
dominance of DDRX [36], which seems to echo the work.

Furthermore, the experimental phenomenon can also be
explained by the strain rate. It can be expressed by the follow-
ing equation [46, 47]:

¢ = AF(c)exp[-Q/RT] )

O'N

exp(fio) 3)

sinh(ao)"

F(o) =

where ¢ is the strain rate (s_l); A, a, p, N, and n are the
material constants and a=f/N; Q is the apparent acti-
vation energy for deformation; R is the gas constant
(8.3145 J-mol . K™1); T'is the temperature (K); and o is the
true stress (MPa). It is clear from this equation that strain
rate is positively correlated with temperature. It can also
be understood that high temperatures cause the material to
soften, making it more susceptible to deformation and thus
producing greater strain per unit of time. A decrease in the
strain rate will lead to a prolongation of the deformation
time, which will increase the dislocation density. As a result,
the critical strain for DRX decreases, increasing the prob-
ability of DRX. Therefore, the critical stress of DRX during
the deformation of steel shows a positive strain rate sensitiv-
ity [48]. In addition, the shear stresses and axial forces are
much higher during FCFSW compared to high-temperature
FSW [22, 49, 50], which provide the driving force for DRX.
The above discussion reveals the complexity of DRX during
the FSW. We believe that the microstructural evolution in
SZ results from the competition between CDRX and DDRX.
They are sensitive to temperature and strain.

Grain orientation spread (GOS) allows analysis of
the recrystallization process under different conditions,
as shown in Fig. 7. The microstructure of BM is domi-
nated by recrystallized grains (64.8%) and has almost no
deformed grains. The microstructure of the joints under

80
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Fig.7 Recrystallized grain distribution diagram and proportion diagram in different regions (red: deformed grains; yellow: sub-structured
grains; blue: recrystallized grain): a and d BM, b and e SCFSW-SZ, and ¢ and f FCFSW-SZ
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slow cooling has sub-structured grains up to 82.73% and
a small number of deformed grains (4.45%). The arrows
in Fig. 7(b) mark the recrystallized grains (black arrows)
and deformed grains (green arrows). On the one hand, the
presence of sub-structured grains around both recrystal-
lized and deformed grains suggests that the sub-structured
grains are formed by consuming deformed grains, and then
the internal dislocations of these grains are rearranged to
form sub-GBs, followed by the formation of recrystallized
grains (Fig. 6(a)). On the other hand, there are large differ-
ences in the size and shape of recrystallized grains except
for the small percentage, which indicates that CDRX is at
the beginning stage, generating a large number of recrys-
tallized nuclei, and the completed recrystallized grains
grew rapidly at high temperatures. In fact, the long high-
temperature duration prolonged the DRV and promoted
the development of CDRX due to the decrease in cooling
rate [36]. This is consistent with the previous analysis.
The recrystallized grains in the joint under rapid cooling
conditions reach 63.65%, which is comparable to BM, but
a small number of deformed grains (3.28%) is present.

The green arrow shows the deformed grains surrounded
by recrystallized grains. In other words, the recrystallized
grains are grown by direct consumption of the deformed
grains, and dislocations are annihilated by DDRX. The
recrystallized grains are retained at room temperature due
to faster cooling.

Some significant differences in the final texture can be
observed in SZ due to the different DRX mechanisms, as
shown in Fig. 8. The maximum texture strength of BM
reaches 3.26. The texture strength with slow cooling reaches
as high as 3.29, which means that the anisotropy of the weld
is similar to that of BM [51]. Upon rapid cooling, the tex-
ture weakens to 2.17, which is beneficial for improving the
anisotropy of mechanical properties. We simply attribute
the reasons for the texture changes to different DRX mecha-
nisms. According to Sabooni et al. [44], DRV and CDRX
are prone to forming shear deformation textures, while grain
nucleation and growth during DDRX often lead to the for-
mation of cubic textures. As this was not the focus of this
study, further in-depth discussion is not necessary. However,
improved texture could be an advantage of FCFSW.

Fig.8 a The pole figure of BM.
b and ¢ The pole figures of SZ
under slow- and fast-cooled
environments
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3.2.3 Dislocation and phase analysis

In addition to crystallographic information, dislocations and
phase distributions are also important components of micro-
structure evolution. Therefore, this section will analyze some
simple sub-structure and phase information by EBSD.

For deformed materials, dislocation accumulation will
inevitably occur near grain boundaries due to the prolifera-
tion and slip of dislocations, leading to an increase in the
density of geometrically necessary dislocations (GND) near
grain boundaries. These are low-strain compatibility regions
between deformed grains, where lattice rotation occurs near
the boundary to accommodate the necessary strain in each
grain. Formula (6) describes the positive correlation between
dislocation density and strain [52]:

a; = eikl(fjel,k + 8jii) 6)

where ¢;; is the dislocation density tensor, e, is the permuta-
tion tensor, 5;1,k is the gradient of the elastic strain, and itk
is the lattice curvature as measured by EBSD. Kernel aver-
age misorientation (KAM) is commonly used to characterize
the local strain distribution of crystal materials. Therefore,
GND density can be analyzed by observing the KAM map
[53].

Figure 9(a)—(c) show the KAM maps of the BM as well
as the joints at different cooling rates. The average KAM
value of the BM is only 0.3° (Fig. 9(a)), which is the result
of the occurrence of sufficient DRX within the BM. Accord-
ing to Eq. (6), the dislocation density increased significantly
due to the drastic plastic deformation of the microstructure

(b)

KAM(BM)=0.3°

I 1ron BCC 99.5%
[ tron FCC 0
I Fe3C 05%

grains of SZ during the FSW. As analyzed earlier, the SZ
of SCFSW has a high strain because of the high tempera-
ture and severe softening of the material (Eq. (5)). A linear
relationship between dislocation density and strain has also
been reported by Bagheri et al. [27]. Dislocation density
increases rapidly with strain. Therefore, the weld under slow
cooling has a KAM value as high as 0.5° and a large number
of high-strain zones (Fig. 9(b)). In contrast, the samples of
fast cooling obtained an average KAM value (0.4°) higher
than that of the BM and a very uniform KAM distribution
(Fig. 9(c)), which symbolizes more uniform dislocations and
strains. It can be inferred that appropriately increasing the
cooling rate may be an effective means to improve the dis-
location uniformity.

The distribution characteristics of the second phase are
crucial for the mechanical properties of the material. Fig-
ure 9(d)—(f) show the phase maps of BM and SZ. The per-
centage of Fe;C in BM is about 0.5% (Fig. 9(d)), which
increases to 1.4% at a slow cooling rate (Fig. 9(e)), but
some enriched areas and large second-phase particles can
be observed. It is easy to see that these enriched areas and
large-size particles are located in the high-strain region.
The reasons can be attributed to the following: (1) the long
high-temperature residence time provides conditions for the
anomalous growth of the second phase; (2) some high-strain
regions may become favorable locations for DRX nucleation
[54]. In contrast, the second phase diffusely and uniformly
precipitated in the SZ of the FCSW. It can be easily under-
stood that the uniform KAM and the diffuse precipitates
are effective means to synergistically improve the strength-
ductility of joints [24]. The strengthening induced by the

% KAM(SCFSP)=0.5°

KAM(FCSP-0)=0.4°

I 1ron BCC 98.6%
[ Iron FCC 0.1%
B Fe3C 13%

I 1ron BCC 98.4%
[ Iron FCC 02%

- Fe3C 1.4%

Fig.9 a—c The KAM maps of BM, SCFSW-SZ, and FCFSW-SZ respectively. d—f The phase maps of BM, SCFSW-SZ, and FCFSW-SZ respec-

tively
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precipitates depends on the size of the precipitation and the
intergranular distance [21]. By increasing the cooling rate,
the precipitates in FCFSW samples are smaller and more
diffuse, which will contribute to the improvement of the
mechanical properties.

In summary, FCFSW shows significant advantages over
SCFSW, which has provided more than enough evidence
to analyze the mechanical property differences. Therefore,
more detailed sub-structural and phase information that may
need to be characterized by transmission electron micros-
copy is not essential in this work.

3.3 Mechanical behavior

The tensile properties of BM and SZs manufactured in
different cooling environments are shown in Fig. 10. Fig-
ure 10(a) shows the stress—strain curve and fracture location.
The upper yield strength (UYS), lower yield strength (LYS),
ultimate tensile strength (UTS), and elongation (ER) of the
tensile specimens are shown in Fig. 10(b). The BM speci-
mens failed near the middle due to the similar microstructure
state within the scale, which is a typical fracture location for
rolled samples [24, 55, 56]. All welding specimens failed
in the BM zone with necking at the fracture, which implies
that the specimens had significant plastic deformation before
the fracture. The study by Wang et al. [57] demonstrated
that the tightening and fracture of the specimens of FSW
occurred mainly in the BM rather than the weld during ten-
sion. The main reason for this is that the refinement of the
microstructure and the precipitates will lead to inconsisten-
cies in the ability to hinder dislocation movement at different
locations during stretching. As a result, dislocations have
difficulty slipping in the SZ, leading to tightening and frac-
ture of the “softer” BM. It is worth mentioning that some
studies have shown that the HAZ is often used as a fracture
location for the weld [58, 59]. This can be explained by the
characteristics of the FSW process, which has a much lower
temperature than other welding processes. In particular, the
coolant used in this work kept the HAZ from softening and
thus from becoming a fracture point.

The stress—strain curve (Fig. 10(a)) shows that the strain
at the break of the BM specimen is greater than that of the
FSW specimen, which is due to the fact that the deformation
is mainly contributed by the BM part of the tensile speci-
men [57]. This suggests that FSW weakens the plasticity
of the weld to some extent. As shown in Fig. 10(b), the
elongation rate (ER) of the specimens with FSW is reduced
compared to BM (41.23%). The reduction in ER is more
significant for SCFSW samples (27.12%) than for FCFSW
samples (33.24%). At the same time, the tensile strength
of the FSW specimens depends on the portion of the BM
because HAZ is not softened. Therefore, the tensile strength
of the FSW specimen can be greater than that of the BM
specimen, as shown in Fig. 10(b). The UTS of the SCFSW
specimen reaches 409 MPa which is comparable to that of
the BM (410 MPa) and the UTS of the FCFSW specimen
up to 431 MPa has surpassed that of the BM. Interestingly,
the UYS (353 MPa) of the SCFSW specimens are slightly
lower than those of the BM (UYSg,,=368 MPa), while both
the UYS (370 MPa) and LYS (348 MPa) of the FCFSW
specimens surpass the BM.

Combined with the previous microstructure evolution
analysis, we attribute the above phenomena to the com-
bined results of grain boundary strengthening, dislocation
strengthening, and precipitation strengthening. Firstly,
according to the Hall-Pitch relationship [60], the reduction
of grain size will significantly increase strength. The Hall-
Pitch relationship is as follows:

o, =0y +kd '/ )

where o, refers to the yield strength, d is the grain size, and
o, and k are the material-dependent constants. The GB area
will increase as the grain size decreases. The GBs hinder
the dislocation movement, which will lead to an increase in
strength. In addition, the increase in dislocation density fur-
ther limits dislocation slip. Last but not least, the homogene-
ous distribution of fine second-phase particles increases the
“pinning” effect of the dislocations by the “Cottrell atmos-
phere” [61-63]. The specimens under fast cooling have
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considerable advantages in all aspects, which is a decisive
factor for their strength to exceed that of BM. On the con-
trary, the grain refinement effect of SZ under slow cooling is
not satisfactory and the large number of stress concentration
zones and inhomogeneous second-phase distribution also
limit the strength and plasticity of the material.

Figure 11 shows the SEM images of tensile fracture
surfaces. Ductile fractures with significant tightening can
be observed on the fracture surfaces of all specimens and
all fractures show fibrous surfaces without shear lips and
radial zones (Fig. 11(a)). Usually, the fibrous zone is the
origin of the fracture source, where the cracks are nucle-
ated, extended, and aggregated [59]. This is logical since
all specimens fractured at the BM (Fig. 10). The high-mag-
nification morphology of the fracture of the BM specimens
exhibited approximately equiaxed coarse and fine tough
nests (Fig. 11(b)), which indicates good ductility of the
BM. The fracture tough nest size and depth of the specimens
after FSW were reduced as a result of the reduced ductility
(Fig. 11(c), (d)).

There are many theories to explain the change in ductility.
Ashrafi et al. [64] showed that the work-hardening rate of
metals increases with increasing grain size, which implies
that smaller grains are beneficial in slowing down the work-
hardening rate and contributing to ductility. Hajian et al.
[36] attributed the decrease in plasticity after FSW to the
decrease in grain size which reduces the effective slip dis-
tance of dislocations and accelerates the buildup of disloca-
tions on GBs. In other words, the strain-hardening rate will
increase when the slip is hindered. Since the plastic defor-
mation process is always accompanied by the proliferation

Fig. 11 SEM images of tensile
fracture surfaces: a cross-sec-
tion morphology after fracture,
b BM, ¢ SCFSW, and d FCFSW

and slip of dislocations, the ability of the grains to adapt to
the increase in the dislocation density is an important influ-
ence on the plasticity of the material. The finer the grain, the
smaller the ability of the grain to adapt to the increase in dis-
location density. Meanwhile, the coarse precipitation tends
to lead to stress concentration, which will further reduce the
ductility of SCFSW. Therefore, the results shown in Figs. 10
and 11 are reasonable.

Furthermore, the strains of the joints are not uniform at
different locations during the tensile process, as shown in
Fig. 12(a). The mobility of dislocations decreases as the
grain size decreases, which results in less deformation of
the material within the weld [27]. Therefore, the BM region
outside the SZ is required to deform at a greater strain rate
to match the constant global strain rate due to the lack of
softening and the overall increase of strength in SZ, which
manifests itself as an enhancement of the YS [65]. The mate-
rial within the marked distance does not have a region where

Tightening} i Tightening §
BM BM | s BM m‘
@ Fracture
H Tightening H
BM — BM
Fracture

(b)

Fig. 12 Diagram of tightening mechanism of BM and FSW joint dur-
ing stretching. a FSW joint and b BM

| Element | Mass distribution (%) |

Elcment | Mass distribution (%)
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the strain difference is too large for BM, so ductility is better
(Fig. 12(b)). Moreover, some granular substances (indicated
by the green arrow) can be found in the dimples of each
specimen’s fracture surface. EDS results show that these
particles all have a high proportion of Ca. Ca may exist as
an impurity element during the preparation of BM and play a
negative role in the tensile process, leading to early fracture
of the material. Therefore, it may be necessary to further
regulate the process during the preparation of galvanized
steel BM to reduce impurity elements.

4 Conclusion

The welded joints of galvanized steel were successfully fab-
ricated by friction stir welding (FSW) with different cooling
rates. The following conclusions can be drawn:

(1) Cooling rate affects the recrystallization mechanism of
galvanized steel. The microstructure evolution mech-
anism in the stirring zone is mainly discontinuous
dynamic recrystallization at a fast cooling rate, while
the mechanism is mainly continuous dynamic recrystal-
lization at a slow cooling rate.

(2) Rapid cooling is more conducive to microstructure
refinement, weakening of the weave structure, and dif-
fuse precipitation of Fe,C.

(3) FSW easily leads to the loss of plasticity of the joint,
but accelerating the cooling rate is beneficial to allevi-
ate this loss. Therefore, FSW joints with fast cooling
gained strength beyond that of the base material while
maintaining good ductility.
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