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Abstract: The material flow behavior during friction stir welding (FSW) plays a critical role in the
quality of final joints. In this study, the FSW of LAZ931 duplex Mg alloy was carried out at a rotation
speed of 800 rpm and welding speeds of 50, 100, and 200 mm/min, respectively. A thin pure Mg
strip inserted at the interface between the two Mg-Li alloy plates was used as a marker to study
the flow behavior of the materials in the FSW process. Sound welds with no defects were obtained
for all three welding speeds. The microstructural evaluations along the marker on the horizontal
cross-section around the keyhole of the welds were characterized. As the welding speed increased,
the marker came closer to the keyhole, indicating the decreased extent of the plastic deformation of
the material. In the shoulder-affected zone (SAZ), the thickness of the marker reduced gradually
in the accelerating stage and finally accumulated together in the decelerating stage. However, in
the pin-affected zone (PAZ), the thickness of the marker reduced sharply in the accelerating stage
and then became dispersed in the decelerating stage, and the degree of dispersion decreased as the
weld speed increased. As a result, an elongated grain structure was formed in the SAZ, while two
equiaxial grain structures were formed in the PAZ. The material on the advancing side was refined by
the pin and deposited in the weld to form a fine equiaxial grain structure due to the high strain rate.
In contrast, the material on the retreating side was pushed by the pin and thus directly deposited in
the weld to form a coarse equiaxial grain structure. In addition, the area of the fine equiaxial grain
structure was reduced obviously with the increase in welding speed.

Keywords: friction stir welding; material flow; Mg-Li alloy; microstructure

1. Introduction

Mg-Li alloy is currently the lightest structural metallic material and has a great po-
tential to be widely used in aerospace, automobile manufacturing, and military protection
due to its high specific strength, high specific stiffness, and excellent shock and impact
resistance [1–3]. However, when Mg-Li alloys are subjected to conventional fusion weld-
ing, sound welds are difficult to obtain and defects are prone to be generated due to the
presence of chemically active Li elements. In addition, excessive high temperature could
cause burning, grain coarsening, and other solidification defects of the Mg-Li alloys, which
significantly deteriorates the mechanical properties of the joints [4–7].

Friction stir welding (FSW) is a solid-state welding technology invented by TWI in
1991. During FSW, a high-speed rotating tool is penetrated into the faying surfaces of
the workpieces to be welded, bringing the material to a viscoplastic state and forming
a defect-free weld with the traveling of the tool [8–10]. Since the welding temperature
during the entire FSW process is far below the melting point of the materials to be welded,
the problem accompanied with the fusional welding technology might be successfully
avoided. For example, Liu and Xu et al. successfully performed the FSW of Mg-Li alloys
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and defect-free joints were obtained [11,12]. Tsujikawa et al. [13] conducted the FSW of
cold-rolled LA141 Mg-Li alloys and showed that sound joints could be formed under
various conditions. Zhou et al. [14] carried out the FSW of 3 mm thick LZ91 Mg-Li alloy
and obtained a joint with strength exceeding that of the base metal (BM). Gao et al. [15] also
obtained a 3 mm thick LAZ933 Mg-Li alloy FSW joint and found that the α-phase dissolved
in the stir zone (SZ) with a refined grain structure. The joint strength was higher than that
of the BM due to the precipitation-strengthening effect. However, the friction-stir-welded
Mg-Li alloy joints usually showed an obvious fine grain structure in the advancing side
(AS) and a remarkable coarse grain structure in the retreating side (RS) within the SZ. Zhou
et al. [16] showed that such a microstructural difference in the FSW Mg-Li alloy joints could
be alleviated after reciprocal FSW. However, the mechanism underlying the significant
difference in the microstructure within the SZ remains unclear. Furthermore, most of the
current studies on the FSW of Mg alloys focuses on single-phase alloy, with comparably
fewer studies examining the dual-phase Mg-Li alloy FSW.

It is well known that FSW is a complex process involving material flow and plastic
deformation at an elevated temperature, which are crucial in determining the formation
of the final weld. A comprehensive understanding of the plastic material flow behavior
and microstructural evolution during FSW is essential for elucidating the weld formation
mechanism and optimizing the welding process [17,18]. However, the material flow caused
by the rotating tool is very complex and the formation of the weld seam takes place in
a confined space, which is difficult to observe directly. To solve this problem, studies
have been extensively carried out on the visualization of the material flow. The methods
used so far mainly include the marker material method, X-ray radiography, and numerical
simulation [19–22].

In 1999, Collgan [23] first introduced the tracing method using steel balls to study
the material flow in the FSW processes of Al alloys, demonstrating that the material flow
involves a mixture of mixing and squeezing. By observing the distribution of the tracer
material, the actual flow path of the materials could be intuitively verified. During the
welding process, various microstructures can be obtained depending on the different
material flow behaviors. Zhang et al. [24] showed that the material flow during the FSW of
Mg alloys came from two main sources, one from the AS and the other from the RS, and
the material flow on the AS determined whether or not the weld defects could be formed.
Liu et al. [25] assessed the strain and strain rate in the FSW of pure Cu by measuring the
dimensional changes in the CuZn alloy marker. The material flow around the probe could
be divided into five stages. A pronounced strain reversal was observed in the shoulder-
affected zone (SAZ) but not in the pin-affected zone (PAZ). It was recently found that the
strain and strain rate of the material flow on the AS and RS were remarkably different
during FSW, which led to the different microstructure within the SZ of the final weld [25,26].
Typically, the microstructure near the AS exhibits a more distinct demarcation from the
base metal (BM) compared to the RS due to the higher strain rate in the AS.

The LAZ931 (Mg-Li9-Al3-Zn1) dual-phase Mg-Li alloy contains a hexagonal close-
packed (HCP) α-Mg phase and a body-centered cubic (BCC) β-Li phase. During the FSW
of LAZ931 alloy, a coarse grain structure and fine-grain structured region with an obvious
boundary were formed within the SZ. The joints usually fractured along the boundary
during tensile tests due to the incompatible plastic deformation between the different grain
structures, which significantly deteriorated its mechanical properties [27].

In order to study the material flow during the FSW of duplex-phase Mg-Li alloys and
to explore the effect of the welding parameters on the microstructural evolution of the
joints, a 5.2 mm thick LAZ931 plate was subjected to FSW using a thin pure Mg strip as the
marker. The flow trajectories of the pure Mg marker around the keyhole of the joints were
examined and the microstructure of the Mg-Li alloys along the marker were characterized.
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2. Materials and Methods

In this study, the hot-rolled LAZ931 Mg alloy plates with a dimension of 200 × 50 × 5.2 mm3

were subjected to the FSW process. Before the FSW, the Mg-Li alloy plates were mechani-
cally polished to remove the oxide film on the surface, followed by cleaning with ethanol.
The FSW was performed at a constant rotation speed of 800 rpm and varied welding speeds
of 50 mm/min, 100 mm/min, and 200 mm/min under protective Ar gas. In order to study
the material flow behavior during the FSW, a pure Mg strip with a thickness of 0.5 mm as
a marker was inserted at the interface between the two LAZ931 plates manufactured in
Zhengzhou Light Alloy Institute Co., Ltd., Zhengzhou, China. The chemical composition of
the LAZ931 Mg alloy and the pure Mg strip are summarized in Table 1. A threaded rotating
tool made of SKD61 steel was used during the FSW, which had a shoulder diameter of
15 mm, a pin length of 4.8 mm, a pin root diameter 6.9 mm, and a pin top diameter of
5.7 mm, respectively.

Table 1. Chemical composition of the LAZ931 Mg-Li alloy and pure Mg strip.

Materials Alloy Composition (wt.%)

Mg Li Al Zn

Pure Mg 99.99 -

LAZ931 86.7 8.9 3.5 0.9

After welding, microstructural evolutions along the pure Mg marker around the
keyhole on horizontal planes 0.5 mm from the upper and lower surfaces of the joints were
observed, respectively. For the optical microscope (OM) and scanning electron microscope
(SEM) observation, the samples were mechanically polished to a mirror finish and then
etched with a 4 wt.% nital solution. The schematic map of the FSW process and sampling
positions for the microstructural characterization are shown in Figure 1.
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Figure 1. Schematic map of the FSW of LAZ931 alloy with the pure Mg marker.

3. Results and Discussion

The surface appearance of the FSW joints obtained at three different welding speeds
were quite similar. As a typical example, Figure 2 shows the appearance of the FSW joint
with a pure Mg marker between the two plates. The joint showed a smooth surface without
any visible defects. A part of the pure Mg marker materials remained in front of the keyhole
for later characterization.
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Figure 2. Appearances of the FSW joints (RD: rotation direction).

Figure 3 shows the cross-sectional macrostructure of the joints with marker materials
obtained at different welding speeds, which was completely the same as those obtained
at the same welding parameters without marker materials, as reported in Ref. [27]. The
results indicate that the use of a pure Mg strip as a marker had no impact on the mate-
rial flow during the FSW. Generally, the deformation behavior of the materials near the
upper surface was mainly influenced by the tool shoulder, namely, the SAZ, while the
deformation behavior of the materials in the lower part was mainly influenced by the tool
pin, namely, the PAZ [25,28]. The SAZ and PAZ are distinguished according to the distinct
characteristics of the marker material, as illustrated in the Figure 3. For the joints obtained
at 50 mm/min, 100 mm/min, and 200 mm/min, the corresponding SAZ thicknesses were
1.34 mm, 1.41 mm, and 1.46 mm, respectively. In the PAZ, the white pure Mg marker
divided the SZ into two parts due to the different grain structures. The fine grain structure
was found near the AS and is therefore referred to as the fine-grained part (FGP), while near
the RS coarse grain size was formed and is called the coarse-grained part (CGP). In addition,
as the welding speed increased, the volume fraction of the FGP area in the PAZ decreased
from 66.6% at 50 mm/min to 59.6% at 100 mm/min, and then to 57.6% at 200 mm/min.
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Figure 3. Cross-sectional macrostructure of the joints at different welding speeds. (a) 50 mm/min;
(b) 100 mm/min; (c) 200 mm/min.

Figure 4 shows the higher magnification OM images of the BM, CGP, and FGP of
the joint at 50 mm/min. Figure 4a shows the typical rolled microstructure of the BM,
comprising the elongated α-Mg and β-Li phases, with black AlLi particles predominantly
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distributed within the β-Li grains. In the SAZ, as shown in Figure 4b, the elongated
grain structure of the BM was broken down into smaller sizes, yet the elongated grains
persisted due to the horizontal shear stress by the shoulder. In the PAZ, the elongated
grains in the BM were transformed into fine equiaxial grains due to the occurrence of
dynamic recrystallization caused by the thermal and mechanical effects of the rotating
tool. Figure 4c shows the microstructure of the FGP. The inserted image at a higher
magnification confirmed the formation of fine α-Mg and β-Li phases. Figure 4d shows the
microstructure of the CGP, where α-Mg had aggregated into large clumps as a result of
dynamic grain growth (DGG) [27]. Notably, the number of AlLi particles was drastically
reduced compared to those in the BM due to the solid solution at high temperatures.
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the joint.

Figures 5–7 show the OM images of the horizontal plane situated 0.5 mm from the
top surface of the joints obtained at different welding speeds, which reflects the material
flow in the SAZ during the FSW. For all three samples, the pure Mg marker continuously
bended around the keyhole, with its thickness first decreasing and subsequently increasing.
According to the thickness variation in the pure Mg strip along the flowing trajectory, the
whole material flow in the FSW process could be divided into five stages, as denoted in the
figures, namely, the preheating stage, the accelerated flow stage, the high-speed flow stage,
decelerated flow stage, and the annealing stage [25]. Briefly speaking, in the preheating
stage, the material in front of the tool shoulder started to be heated by the frictional heat
caused by the tool and had not yet undergone plastic deformation, and the thickness of
the pure Mg strip remained unchanged. In the subsequent accelerated flow stage, the
materials started to be extruded strongly by the tool and the thickness of the pure Mg
strip decreased rapidly. In the high-speed flow stage, the thickness of the Mg strip was
minimal and remained largely unchanged, indicating the highest material flow rate at this
stage. In the decelerated flow stage, the material flow rate began to be decreased and the
thickness of the pure Mg strip became larger due to the accumulation of the materials.
The annealing stage was located outside of the SZ, in which the material is subjected to
post-weld annealing.
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at a welding speed of 200 mm/min.

In the SAZ, the material flow was primarily driven by shear stress and extrusion from
the tool shoulder, which transferred the materials from the AS to the RS. As the welding
speed increased, the heat input decreased and the SAZ area shrank, resulting in a reduction
in the distance where the pure Mg strip began to deform ahead of the keyhole. Specifically,
when the welding speed was increased from 50 to 100 and 200 mm/min, the deformation
distance decreased from 4.46 mm to 4.38 mm and 4.29 mm, respectively.

Among these three samples, the minimum distance between the Mg strip and the key-
hole was observed in the high-speed flow stage. This distance was approximately 1.16 mm
at 50 mm/min, 0.91 mm at 100 mm/min, and 0.44 mm at 200 mm/min, respectively.
This indicated that the area of the steady-state flow region reduced as the welding speed
increased. The rotating tool deflected the material away from the center of the SZ. The
maximum deviation of the deposited Mg strip from the centerline of the joint was 1.98 mm
at 50 mm/min, 1.88 mm at 100 mm/min, and 0.96 mm at 200 mm/min, indicating that the
capacity of the tool to transfer the materials diminished as the welding speed increased.

According to the above description, the flowing trajectory and thickness variation in
the marker material around the keyhole on a horizontal plane 0.5 mm from the top of the
joints obtained at different welding speeds was extracted and is shown in Figure 8a, in
which a simple coordinate system was established to characterize the material deformation
at different locations. The origin of the coordinate system was set at the keyhole center
and the positive direction aligned with the opposite welding direction. It can be seen
that the material flow behavior of the LAZ931 Mg alloy in the SAZ during the FSW was
similar regardless of the welding speeds. Therefore, for the three different welding speeds,
the letters “a”, “b”, “c”, “d”, and “e” represent the materials located at the preheating
stage, accelerating stage, high-speed flowing stage, decelerating stage, and annealing stage
during the FSW process, respectively. The point of the smallest thickness on the Mg strip
marker was consistently found at position “c”, namely, in the high-speed flowing stage.
As the welding speed decreased, more material could be plasticized and the Mg strip
located further from the tool began to deform due to the increased heat input, leading to a
widespread distribution of the marker materials. However, the distance of the Mg strip
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from the interface decreased in the deceleration and annealing stages due to the strain
reversal [25]. According to Ref. [25], the strain rate at any location × along the flowing
trajectory can be calculated based on the thickness variation and the specific welding
parameters using the formula shown below:

.
εx =

ln lx−0.5
lx

vili(lx−0.5 + lx)

2dxlxlx−0.5
(1)

where li and vi represent the initial thickness of the material and the initial flow velocity,
respectively; lx represents the thickness of the Mg strip at location x and lx−0.5 represent
the thickness of the Mg strip 0.5 mm ahead of the measured position. The calculated results
are shown in Figure 8b. The strain rate increased rapidly when the materials began to be
deformed at an accelerated rate and then decreased gradually. The higher the welding
speed, the larger the strain rate that was found for the materials. The maximum strain rate
could reach about 1.2 in the SAZ when the welding speed was 200 mm/min.
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To study the microstructural evolution of the materials in the SAZ, the microstructure
of the materials located at positions from “a” to “c” of the joint obtained at 100 mm/min
was characterized, as shown in Figure 9. At position “a”, the material was merely preheated
by the heat emanating from the SZ without undergoing deformation. Consequently, its
microstructure remained similar to that of the BM, containing elongated α-Mg and AlLi
particles precipitated within the β-Li phases. At position “b”, the α-Mg phase began to
undergo strong plastic deformation. Compared to the preheating stage, the average grain
size of the β-Li phase was significantly refined from 69.5 µm to 30.1 µm. At position “c”,
the material flow rate reached its maximum value and the overall flow direction of the
material was opposite to the welding direction [25]. Part of the α-Mg phase was broken into
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smaller particles by the shoulder of the high-speed rotating tool and were dispersed in the
elongated β-Li phase. The grain size of the β-Li phase also decreased and the presence of
AlLi particles was almost invisible at this stage, which could be attributed to the dissolution
of the AlLi phase during the high-temperature plastic deformation. When the material flow
reached position “d”, the material flow rate and deformation rate slowed down, causing
the accumulation of the broken α-Mg small particles. Meanwhile, the grain size of the
β-Li phase remained largely unchanged. Finally, at position “e”, the materials entered the
cooling period after the FSW process was completed. The grain growth of the β-Li phase
was suppressed due to the DGG of the α-Mg phase during welding, which effectively
pinned the migration of the grain boundaries. The microstructure at position “e” was
consistent with that in the SAZ, as shown in Figure 4b.
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Similarly, Figures 10–12 show the OM images of the horizontal plane situated 0.5 mm
from the bottom surface of the joints obtained at different welding speeds, which reflected
the material flow in the PAZ during the FSW. In the PAZ, the deformation area is smaller
than that of the SAZ. Generally, the marker material was discontinuously distributed in
the PAZ around the keyhole and, compared with the continuous distribution in the SAZ,
it was proposed that the material flow was continuous in the SAZ but discontinuous in
the PAZ [26]. In the PAZ, the primary driving force for the material flow is the shearing
caused by the pin. As the material flows, it comes in contact with the surface of the pin
and transfers sequentially around the pin from the AS to the RS. As a result, the material
produced by the shear of the pin is stretched to a periodic, isometric arcuate pattern, known
as the “onion ring” pattern.

In Figure 10, the pure Mg marker began to deform at a distance of 1.91 mm in front
of the keyhole, which was shorter than the 4.46 mm observed in the SAZ, as shown in
Figure 5, while at 100 mm/min and 200 mm/min, this distance was 1.84 mm and 1.34 mm,
respectively, as shown in Figures 11 and 12. It was revealed that the area impacted by
the pin decreased with the increasing welding speed due to the decreased heat input,
similar to the trend observed in the SAZ of the joint. Comparing to the marker material
in Figures 10 and 11, the marker material in Figure 12 was bulkier and more clustered
due to the increased revolutionary pitch. This also indicates that the material flow became
gradually weaker as the welding speed increased.
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Similar to the microstructure of the PAZ on the cross-sectional plane, as shown in
Figure 3, the FGP and CGP divided by the marker material on the horizontal plane of
the PAZ were also found to be distributed on the AS and RS within the SZ, respectively.
Compared to the SAZ, the width of the pure Mg strip was narrower in the deformation
zone, indicating a higher strain rate in the PAZ. As the marking material was continuous
in the deformation zone, it indicated that the materials on the AS and RS were generally
not mixed with each other during the FSW. However, due to the relatively higher material
vertical flowing rate in the PAZ, a slight mixing of the AS and RS behind the rotating
tool was casually observed, as shown in Figure 11. It was proposed that, with the pin
traveling forward along the interface between the workpiece during the FSW, the material
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on the AS came into contact with the pin’s surface, was crushed and refined, and was
ultimately deposited in the weld to form an FGP. Conversely, the material on the RS did not
contact the pin’s surface but was directly deposited onto the RS under the pin’s impetus,
forming a CGP.
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Figure 13 shows the flowing trajectory and thickness variation in the marker material
around the keyhole on a horizontal plane 0.5 mm from the bottom of the joints obtained at
different welding speeds. For all three welding speeds, the flowing behavior of the pure
Mg strip was consistent, namely, the thickness of the marker material initially decreased,
subsequently increased, and ultimately dispersed within the weld nugget of the joint. As
the welding speed increased, the marker material tended to accumulate in the final joint.
When the welding speed increased from 50 mm/min to 200 mm/min, the distribution of
the marker material began to be coarsened and accumulated into a layer-by-layer pattern,
and the distance between the adjacent layer increased due to the increased revolutionary
pitch. Similar to that in the SAZ, the strain rate at any location along the flowing trajectory
in the PAZ was also calculated, as shown in Figure 13b. The variation in the strain rate was
very similar to that in the SAZ. However, the value was significantly larger than that in the
PAZ at the same flowing stage. The maximum strain rate could reach about 9.0 in the PAZ
when the welding speed was 200 mm/min.

Since the microstructural evolution of the PAZ was similar for joints at different
welding speeds, as a typical example, Figure 14 shows the microstructure of the materials
at positions from “a” to “e” of the joint at 100 mm/min, as indicated in Figure 13.

At the preheating stage “a”, the microstructure remained consistent with that of the
BM, which was similar to that at position “a” in the SAZ. At “b” in the accelerated stage,
the materials underwent notable deformation, especially on the AS side of the Mg strip
closer to the keyhole. Compared with position “b” in the SAZ, as shown in Figure 8, the
thickness reduction in the Mg strip at position “b” in the PAZ was significantly larger,
indicating the strain rate of the materials was higher in the PAZ [25]. According to the
following equation [29]:

d−1 = a + blgZ (2)
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where d is the grain size, a and b are constant depending on the materials, and Z is the
Zener–Holloman parameter, described as

Z =
.
εexp(Q/RT) (3)

where
.
ε is the strain rate, Q is the activation energy, R is the gas constant, and T is the

temperature; a higher strain rate will lead to a smaller average grain size of the processed
materials. According to the calculated strain rate in Figures 8b and 13b, the maximum
strain rate was about 9.0 in the PAZ of the 200 mm/min joint, which is much larger than
the 1.2 in the SAZ of the 200 mm/min joint. As a result, the microstructure in the SAZ was
much coarser than that in the PAZ.
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In the PAZ, the α-Mg phase on the AS closer to the pin was elongated and fragmented
into small grains, and finally interspersed with the β-Li phase due to the higher strain
rate

.
ε of the materials therein. On the outer side of the pure Mg marker away from the

keyhole, the α-Mg phase was deformed to a lesser extent at a relatively slower strain
rate

.
ε, and thus transformed into strip-like aggregates under the driving force of the pin.

During the high-speed flowing stage “c”, the thickness of the marker material was the
smallest, implying that the material flow rate was the highest. The materials between the
Mg strip and the keyhole underwent the strongest deformation and further fragmented into
uniformly distributed fine particles. On the outer side of the marker material, although the
deformation of the elongated α-Mg phase increased further, it still remained as a clustered
shape along the flow direction. During the decelerated flow stage “d”, the thickness of
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the pure Mg strip started to increase, indicating the slowing down of the material flowing
rate. The material between the Mg strip and the keyhole experienced continuous severe
plastic deformation despite a reduction in the strain rate, ultimately leading to a further
refinement of the grain size due to occurrence of DRX, while, on the outer side of the pure
Mg marker, the material was further away from the keyhole and deformed at a slower strain
rate. Furthermore, because of the DGG effect, the α-Mg was more prone to aggregating
together and led to a larger grain size. During the annealing stage “e”, the material was
no longer deformed and was only subjected to a subsequent cooling period after the FSW.
The uniformly dispersed α-Mg phase between the marker material and the keyhole was
retained and dispersed with the β-Li phase, which restricted the grain growth of the β-Li
phase, forming an FGP on the AS within the SZ. On the outer side of the marker material,
the aggregated α-Mg phase and the β-Li phase formed the CGP on the RS within the SZ.
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4. Conclusions

In this study, the material flow and microstructural evolution during the FSW of
LAZ931 Mg alloy were investigated using pure Mg strips as the marker materials, and the
following conclusions can be drawn:

(1) The material flow of LAZ931 Mg-Li alloy during FSW could divided into the SAZ and
the PAZ according to the deformation characteristics of the material. The material
flow in both the SAZ and PAZ was weakened with increasing welding speed.

(2) In the SAZ, the marker material was deformed into a strip of uneven thickness,
moving closer to the keyhole, and deviating less from the center of the weld by the
action of the tool as the welding speed increased; meanwhile, the tool’s ability to
transfer the material decreased.

(3) In the PAZ, the marker material was dispersed after FSW. With an increasing welding
speed, the marked material began to form clusters post-deformation, and the increase
in the amount of material transferred by the pin in a single pass resulted in a buildup
of material.

(4) The material on the AS was deposited on the AS to form an FGP due to the larger
strain-induced DRX, and the material on the RS was deposited on the RS to form a
CGP due to the lower strain and DGG effect. As the welding speed increased, there
was a noticeable reduction in the volume fraction of the FGP within the SZ.
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