L 4

|
e

ELSEVIER

Science
Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 29(2019) 2300-2309

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Microstructure and properties of probeless friction stir
spot welding of AZ31 magnesium alloy joints

Xia-wei YANG, Wu-yuan FENG, Wen-ya LI, Xiu-rong DONG, Ya-xin XU, Qiang CHU, Shuo-tian YAO

Shaanxi Key Laboratory of Friction Welding Technologies, State Key Laboratory of Solidification Processing,
Northwestern Polytechnical University, Xi’an 710072, China

Received 17 January 2019; accepted 18 September 2019

Abstract: The AZ31 magnesium alloy with a thickness of 1.8 mm was welded by the probeless friction stir spot welding process
without Zn interlayer. The influence of process parameters on joint microstructure and mechanical properties was investigated by
using different rotating speeds and dwell time. Microstructure of joints is divided into three regions: stir zone, thermomechanically-
affected zone and heat-affected zone. With the increase of rotation speed and dwell time, the depth of stir zone gradually increases,
and hook defects extend from the interface of two plates to the surface of the upper plate. The tensile shear strength of joints and two
fracture modes (shear fracture and plug fracture) are closely related to hook defects. The maximum tensile shear strength of the joint
is 4.22 kN when rotation speed and dwell time are 1180 r/min and 9 s, respectively. Microhardness value and its fluctuation in upper

sheet are evidently higher than those of the lower sheet.
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1 Introduction

With the increasing importance of lightweight
design requirements in aviation, automobile and other
fields, magnesium alloys and other lightweight
alloys [1-3], with their high specific strength, good
damping capacity and easy recycle, have found an
increasingly wide utilization in those fields [4-6].
Therefore, the reliability and high efficiency of
magnesium alloy connection technology are very
important for its long-term service. As a common
welding method, spot welding has also received wide
attention.

At present, the commonly-used spot welding
methods of magnesium alloy mainly include resistance
spot welding, conventional friction stir spot welding,
refill friction stir spot welding etc. The advantages of
resistance spot welding are low cost, high speed (short
process time) and good automation [7]. However, the
pores and cracks often occur in the resistance spot
welding joints [8,9]. LIU et al [8] found that the
treatment of surface produced a uniform surface with

lower contact resistance, which resulted in higher shear
strength because of lower content of internal nugget
porosity. Friction stir spot welding (FSSW) is a
solid-state welding technique that is a derivative of
friction stir welding, and it is free of the defects
commonly associated with fusion spot welding [10—13].
However, in the conventional FSSW, many studies have
indicated that keyhole and hook defects reduced joint
properties such as tensile shear strength and fatigue
strength [14]. Therefore, in order to eliminate the
keyhole, another derivative of friction stir welding, refill
FSSW (RFSSW), was developed. SHEN et al [15] found
that volume defects, such as incomplete refilling and lack
of mixing, can be observed at the sleeve retracting path
due to inappropriate welding parameters. By contrast, the
tool system used in RFSSW is complicated and mainly
consists of three parts [16].

Probeless FSSW (P-FSSW) is also a derivative
of friction stir spot welding developed by BAKAVOS
et al [17,18] to eliminate the keyhole. There have been a
lot of research on the process, performance and
material flow of the P-FSSW of aluminum alloy [19,20].
For magnesium alloys, XU et al [21] chose Zn as the
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interlayer material with the aim of realizing P-FSSW of
Mg alloy. They pointed out that the Zn interlayer reacted
with the Mg substrate to form Mg—Zn intermetallic and
promote the bonding between sheets, thereby eliminating
the hook defect and increasing the bonding area of the
joint. However, the reason for adding Zn was that it
cannot be welded without adding Zn, and the selected
plunge depth was very high. One reason was that the
selected tool had no grooves on the shoulder. The studies
have shown that the grooves on the shoulder can enhance
the material flow in the stir zone and increase the joint
fracture load [22]. Therefore, by selecting special tools
and the appropriate process parameters, it is possible to
achieve the adhesion of the P-FSSW of magnesium alloy
in the absence of a magnesium interlayer.

In this study, AZ31 magnesium alloy was chosen as
the material to investigate the microstructure and
properties of P-FSSW without Zn interlayer. The
influence of different parameters (rotation speed and
dwell time) on the microstructure of joint was
investigated. The relationship between the microstructure
characteristic (depth of stir zone and hook angle) and the
tensile shear properties of joint was studied. In addition,
the fracture mechanism of joint was also investigated in
detail.

2 Experimental

In this study, 1.8 mm-thick sheets of AZ31 Mg alloy
were lap-welded with P-FSSW. A probeless tool with a
shoulder diameter of 15 mm was made of H13 steel.
Three involute grooves of the tool were machined on the
shoulder surface, which is same as those in our previous
study [19,23]. The schematic illustration of the
experimental configuration and the shoulder surface of
tool is shown in Fig. 1. In order to investigate the
variation of the joint structure, different process
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Fig. 1 Schematic illustration of experimental configuration and
shoulder surface of tool

parameters were used, as given in Table 1. The macro-
and microstructures of the joint were studied with an
optical microscope (OM). Specimens for microstructure
examination were sectioned through the center of the
joints (shown in Fig. 2(a)). After being ground and
polished, the specimens were etched with saturated picric
acid reagent (4.2 g picric acid, 10 mL glacial acetic acid,
10 mL H,O and 70 mL of 95% ethanol). For tensile shear
tests, specimens were produced using two 65 mm X
30 mm coupons with an overlap length of 30 mm (shown
in Fig. 2(b)) and were tested on a tensile testing machine
for each welding parameter at a cross-head speed of
1 mm/min. The fracture features were analyzed with a
scanning electron microscope (SEM).

Table 1 Process parameters of P-FSSW

Parameter Value
Rotation speed/(r-min ') 950, 1180
Dwell time/s 3,6,9,12, 15
Plunge depth/mm 0.3
Plunge rate/(mm-min ') 30
il (@)

Force

Fig. 2 Schematic diagrams of metallographic (a) and tensile (b)
specimens

3 Results and discussion

3.1 Typical macro- and microstructure of joints

Figure 3 reveals the representative cross-sectional
micrographs of P-FSSWed joint of AZ31 magnesium
alloy. As shown in Fig. 3(a), it can be seen that there are
three typical zones: stir zone (SZ), thermomechanically-
affected zone (TMAZ) and heat-affected zone (HAZ),
which are similar to the P-FSSWed joint of aluminum
alloy [24]. During the welding process, the stir zone
experiences the maximum high-temperature heat cycle
and plastic deformation, dynamic recrystallization occurs
and the grains are refined. Subsequently, the grains
grow at high temperatures to different sizes, as shown in
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Fig. 3 OM images of P-FSSWed Mg alloy joint (950 r/min, 15 s): (a) Cross-section of joint; (b) SZ; (¢) T

defect; (e) Original interface

Fig. 3(b). The average grain size is 10 pum, which is
significantly less than that of base metal (25 pum). The
TMAZ is formed by the plastic flow of the plastic
material around SZ under the shear stress of the tool. The
average grain size of TMAZ which is mainly composed
of small equiaxed grains and partially deformed grains is
15 pum, slightly larger than that of the stir zone, as shown
in Fig. 3(c) (enlarged region f). As magnesium alloys
have fewer slip systems, lower recrystallization
temperature and stacking fault energy, they are more
likely to appear dynamic recrystallization when
experiencing high temperatures and large plastic
deformation [25], which may be the main reason for the
occurrence of large amounts of recrystallized equiaxed
grains in TMAZ. As shown in enlarged region g in
Fig. 3(c), the HAZ which is only affected by the welding
heat cycle is composed of irregular grains and some
equiaxed grains. Compared with the base metal, the
average grain size (about 21 pm) of the HAZ is slightly
reduced. This indicates that the peak temperature of HAZ
may exceed the recrystallization temperature of AZ31
magnesium alloy (473 K), so partial recrystallization
occurs, making the grain size slightly reduced. Similar

MAZ and HAZ; (d) Hook

phenomena can be found in the FSW joint of AZ31
magnesium alloy [26].

There are two geometric and metallurgical defects
in the joint. One of the defects is the hook defect, which
exists in the TMAZ at the interface of upper and lower
sheets, as shown in Fig. 3(d). Its shape is inverted V, and
its angle 8 varies with different welding parameters. The
hook defect is the weak connection and will lower the
mechanical properties. Another metallurgical defect,
partial bonding, can also be seen in Fig. 3(e). Part of the
initial interface is joined near the centre of joint, forming
fine grains due to recrystallization on the boundaries,
while the other part is not joined due to the oxide
inclusion [23].

3.2 Effect of welding parameters

morphology

The macrographs of the cross-section of the joint
under different dwell time of 3—15 s at the rotation speed
0f 950 r/min are shown in Fig. 4. It can be seen that, with
the increase of dwell time, the depth of SZ is
significantly increased from 1.294 to 2.04 mm, while the
angle of hook defect is also decreased. At the same

on macro-
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Fig. 4 Macrostructures of P-FSSWed joints with different dwell time at rotation speed of 950 r/min: (a) 3 s; (b) 6 's; (c) 9s; (d) 12 s;

(e)15s

rotation speed of tool, the heat input of the P-FSSW
mainly depends on the dwell time. When the dwell time
is relatively short (as shown in Fig. 4(a)), there is not
enough heat input to soften the material in the SZ, and
the SZ concentrated in the upper sheet is shallow. With
the increase of dwell time, as shown in Figs. 4(b—d), the
increase of heat input boosts the plasticized material in
the stir zone and improves the material flow. Under the
action of tool, the width and depth of stir zone develop
better, and the original interface of upper sheet and lower
sheet fades away. When the dwell time increases further,
as shown in Fig. 4(e), the increment speed of the width
and depth of the stir zone slows down. Our previous
research has found that the stir zone edge angle is related
to process parameters, being initially proportional to
dwell time, reaching a plateau of 45° [20]. It is also
found that the depth and width of stir zone have stable
values under the specified diameter of the shoulder.
However, it can also be seen that the hook defect
angle 6 decreases with the increase of dwell time,

gradually changing from obtuse angle to acute angle. On
one hand, the plasticized materials of the upper plate
flows downward and squeezes the plasticized materials
of the outer side of the stir zone of the lower plate. On
the other hand, the plasticized material of top surface
flows inward along the groove of the shoulder
continuously driven by the rotation and plunge [26]. This
reduces the pressure on the outside of the top surface,
and causes the extruded material of lower sheet to flow
upward to balance the stress. The longer the dwell time
is, the more pronounced the trend is and the smaller the
hook angle is.

In order to investigate the effect of different rotation
speeds on the macrostructure of joint, the macrographs of
the cross-section of the joint at same dwell time of 3 and
15 s and rotation speed of 950 and 1180 r/min are shown
in Fig. 5. It can be found that the increase of rotation
speed makes the width and depth of stir zone increase
obviously at the same dwell time, especially for dwell
time of 3 s (as shown in Figs. 5(a) and (b)). This is
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because the increase of rotation speed can make up for
the shortness of heat input caused by the short dwell time
and increase the interface connection effect. On the other
hand, the increase of rotation speed also increases the
shear stress on the plasticized material by the tool and
enhances the flow of the plasticized material, which
causes hook angle to decrease faster. This phenomenon
becomes more obvious with the longer dwell time (as
shown in Figs. 5(c) and (d)). In order to visually
demonstrate this phenomenon, the statistical results of
stir zone depth and hook angle under different
parameters are shown in Fig. 6. As can be seen from
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Fig. 6 that, with the increase of dwell time, the depth of
stir zone increases, while the Hook angle decreases.

3.3 Effect of welding parameters on mechanical
properties
3.3.1 Tensile shear strength
The change of tensile shear strength of P-FSSWed
joints with process parameters is shown in Fig. 7. The
maximum tensile shear strength of the joint appears at
rotation speed of 1180 r/min and dwell time of 9 s, which
is 4.22 kN. It can be found that the tensile shear strength
of the joint increases with the increase of dwell time

Fig. 5 Macrostructures of P-FSSWed joints with special rotation
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Fig. 6 Statistical results of stir zone depth (a) and hook angle (b) under different process parameters
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Fig. 7 Changes of tensile shear strength with dwell time at rotation speed of 950 (a) and 1180 r/min (b)

(except 3 s which is failure to form joint) when the
rotation speed is 950 r/min. The extension of dwell time
from 6 to 15 s results in an increase of 0.37 mm in the
depth of stir zone and an increase of 2.69 kN in the joint
strength (Fig. 6(a)). This additional dwell time provides
more time for the stir zone to better development in
thickness direction, resulting in a stronger joint [24].
Therefore, at a low rotation speed, the tensile shear
strength of the joint is mainly affected by the size of the
stir zone, in other word the heat input.

When the rotation speed is increased to 1180 r/min,
with the increase of dwell time, the tensile shear strength
of the joint increases first and then decreases gradually.
The initial increase in tensile shear strength is also due to
the increase in heat input resulting in the expansion of
the stir zone to form a better connection, which is
consistent with the rotation speed at 950 r/min. However,
the decrease of tensile shear strength of joint is related to
the hook angle when the dwell time exceed 9 s. It can be
seen from Fig. 6(b) that when the dwell time is longer
than 9 s, hook angle is still significantly reduced, which
means hook defects are more sharp and closer to the
upper surface and the effective thickness of top sheet
decreases quickly. The hook defect acts as a crack
nucleation site, so a crack can nucleate and grow in top
sheet under small loads when the defect angle is less than
90°. In addition, the sample orientation has a deflection
under loads, which makes the normal force larger to
crack along the top sheet more easily. Therefore, at high
rotation speed, the hook angle has a significant impact on
the tensile shear strength of the joint.

3.3.2 Fracture mechanism

The macrographs of failure samples reveal three
distinct facture modes, as shown in Fig. 8. The first one
is interfacial shear which is called mode I (shown in
Fig. 8(a)) and the second one is pull-out fractures, which
is called mode II (shown in Fig. 8(d)) [27]. Figures 8(b)
and (c) show the transitional phases of mode I and mode

II, which exist simultaneously and are called mixed
mode. In mode I, the joint is divided into two parts from
the interface, which is caused by the crack originating
from the outer edge of hook and extending along the
interface of the two sheet. In mode II, the hook angle
changes from obtuse angle to acute angle, and the crack
extends from the outer edge of hook to the upper surface
of the joint. The result of this mode is that the entire stir
zone is pulled out and still attached to the lower sheet. In
the mixed mode, part of the stir zone is pulled out, and at
the same time, the crack extending at the interface makes
the joint divided into two parts.

The occurrence of different fracture modes is
closely related to the different geometric features of hook
defects. Figure 9 shows the schematic cross-section of
the failure process of the joint under different fracture
modes. The red dashed line and solid line represent stir
zone and hook defect, respectively. The light blue area
represents the cavity left at the center of the joint after
the stir zone is pulled out. When hook angle is obtuse, its
height is lower and its direction is consistent with the
tensile direction, as shown in Fig. 9(a). Under shear
stress, it is easy to crack from the hook defect and along
the interface, so the joint strength is weak. When the
hook angle is acute, as shown in Fig. 9(c), the highest
point of hook defect is very close to the top surface and
outer edge of the hook defect is almost perpendicular to
the tensile direction. When the joint is stretched, the
hook defect in the right side is first cracked by tensile
stress and extends to the top surface, causing the stir
zone to be pulled out. However, the hook defect in the
left side is subjected to compression stress. Since the root
of hook is narrow and the stress concentration occurs in
the root, the hook in the right side breaks in the upper
plate. Finally, the crack on the right side rapidly extends
along the top surface to pull out the entire joint from the
upper plate. Mixed mode (as shown in Fig. 9(b)) occurs
when the hook angle is around 90°. At the hook defect in
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Fig. 9 Schematic illustrations of fracture process: (a) Shear fracture (mode I); (b) Mixed mode; (c) Plug fracture (mode II)

the right side, the crack extends along the hook toward
the top surface to pull out the stir zone, which is
consistent with the mode II. Meanwhile, the crack at the
hook defect on the left extends along the hook toward the
bottom of stir zone, which is consistent with the mode II.
The joint breaks along the interface and only small part
is pulled out.

Figure 10 shows the typical fracture structure under
different fracture modes. There is a change of fracture
morphology among three failure modes. As the heat
input increases, failure originates at the hook defect and
shifts further away from the interface (mode I), through
the mixed mode, towards the surface of top sheet (mode
I). As can be seen from Figs. 10(a—c), the crack of
interface shear fracture extends along the direction of
material flow. With the increase of heat input, the
curvature of the groove is also larger, which
indicates that the material flow is more sufficient. In
addition, it can be seen from Fig. 10(a;), (b;) and (c;) that
the number of dimples is significantly increased, which
also means that the more the material flows, the better

the joint bonding is. It is worth noting that obvious
cracks can be found in Fig. 10(d;). This crack is
generated by the part of the hook defect broken in
mode II.
3.3.3 Microhardness

Figure 11 shows the microhardness distribution of
the cross section of the upper and lower sheets along the
width direction with different process parameters. As
shown in Fig. 11, the microhardness present with
fluctuating character. The microhardness value of the
cross section of the upper sheet is evidently higher than
that of the lower sheet. And the extent of microhardness
fluctuation of upper sheet is also evidently larger than
that of the lower sheet. When the dwell time is fixed at
6 s, the microhardness value of the cross section of the
upper sheet at the rotation speed of 950 r/min is higher
than that at the rotation speed of 1180 r/min, especially
in the nugget center. However, the microhardness value
of the cross section of the lower sheet at the rotation
speed of 950 r/min is slightly higher than that at the
rotation speed of 1180 r/min.
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Fig. 10 Fractographs of different facture modes in bottom sheets: (a) Shear fracture (mode I); (b) Mixed mode; (c) Plug fracture

(mode II); (d) Cracks generated by hook defect broken in mode 11
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4 Conclusions

(1) The AZ31 magnesium alloy with a thickness of
1.8 mm was welded by the probeless friction stir spot
welding process without Zn interlayer. The tool with
grooves can effectively improve material flow.

(2) Three typical zones in the P-FSSWed joint: the
stir zone, the thermo-mechanically affected zone and the
heat affected zone, are observed, which contain fine
recrystallized grains, small equiaxed and partially-
deformed grains, and irregular and some equiaxed grains,
respectively.

(3) The tensile shear strength is strongly affected by
the hook angle. When the hook angle is around 90°, the
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tensile shear strength reaches its maximum. The
maximum tensile shear strength of the joint appears at
rotation speed of 1180 r/min and dwell time of 9 s, which
is 4.22 kN.

(4) The macrographs of failure samples reveal three
distinct fracture modes: interfacial shear, mixed mode
and pull-out fracture. The fracture mode changes
significantly with the change of hook defect.

(5) When the dwell time is 6 s, the microhardness of
the cross section of the upper sheet at rotation speed of
950 r/min is larger than that at 1180 r/min, especially in
the nugget center zone. However, the microhardness of
the cross section of the lower sheet at rotation speed of
950 r/min is slightly higher than that at 1180 r/min.
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