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The properties of friction stir welding (FSW) joints are affected by three factors: high temperature,
material flow and microstructure change. For material flow, it is difficult to carry out experiments alone.
Therefore, based on Deform3D software, this paper studies the flow of materials in the horizontal and
thickness directions during FSW of 7075 aluminum alloy. The results show that the material flow patterns
are different in the horizontal and thickness directions. In the horizontal direction, most of the materials on
the advancing side (AS) flow around the stirring pin and finally deposit behind the AS. In the thickness
direction, the closer to the upper surface, the more intense the material flow; the materials within the
influence range of the stirring needle will basically follow the stirring needle to move upward and deposit
behind the stirring head.
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1. Introduction

FSW is a mature and novel solid-state welding technology.
It involves temperature, mechanics, metallurgy and interaction.
It has become a revolutionary welding technology because of
its energy saving, environmental protection and high-quality
welding (Ref 1-4). And the state-of-the-art friction-based
welding techniques are characterized by low peak temperature,
severe plastic deformation, energy efficiency and nonpollution,
which can simultaneously realize the mechanical and chemical
bonding, improving mechanical performances (Ref 5). Com-
pared with the traditional fusion welding process, there is no
metal melting phenomenon in the FSW process, which can
perfectly avoid common defects such as pores and cracks, and
the joints obtained by FSW also have excellent characteristics
such as small residual stress and deformation and dense
structure (Ref 6-8). After 30 years of development, FSW has
shown good benefits in economy and technology. It has great
application prospects in the field of national defense and
industrial manufacturing (Ref 9, 10).

Due to the influence of material flow, FSW joints produce
defects such as flash, void, and tunnels (Ref 11, 12), and their
internal microstructures are usually different, resulting in
differences in their mechanical properties. Therefore, it is of

great significance to study the material flow in the FSW process
to improve the quality of FSW joints. In order to optimize the
process parameters, the whole process of FSW is simulated,
including computational fluid dynamics model and computa-
tional solid mechanics model (Ref 13, 14). High-throughput
screening method, based on the marriage between massively
parallel computational methods and existing database contain-
ing the calculated properties, is capable to explore hypothetical
candidates, and the amelioration via the material flow model
inhibits the welding defects and optimizes the parameter
intervals, providing references to extracting process–struc-
ture–property linkages for FSW (Ref 15).

Dialami et al. (Ref 16) established a rigid tool model in the
Lagrangian framework and used the material particle tracking
method to simulate the effects of different parameters on the
defects in the FSW process. Qin et al. (Ref 17) combined
experimental methods with numerical simulation to study the
flow behavior of 2024 aluminum alloy sheet material during
high-speed FSW. The results show that at high rotation speed,
the flow distance of the plastic metal on both sides along the
welding direction and the transverse flow distance of the
retreating side (RS) along the weld center line are shorter. Sun
et al. (Ref 18) developed a three-dimensional transient com-
putational fluid dynamics model to study the effects of smooth
pins and pitches of 1,2, and 3 mm on the material flow during
FSW. Gao et al. (Ref 19) established a finite element model of
FSW based on solid mechanics by using ABAQUS software
and studied the material flow in FSW process by using tracer
particle technology. The simulation results show that the flow
pattern of tracer particles around the stirring needle is spiral
motion. Luo et al. (Ref 20) used Deform software to simulate
the same results. Many scholars have simulated the influence of
different pin shapes on the material flow (Ref 21, 22). The
experimental results show that the joints with better material
flow obtain better mechanical properties.

In practical applications, the material flows to form the weld
joint under the action of high temperature and stirring head, but
the flow inside the material is not easy to observe, it is of great
convenience to observe the material flow in the FSW process
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by numerical simulation. In this paper, based on the coupled
Euler–Lagrange (CEL) method, a FSW model of 7075
aluminum alloy was established. Combined with the thermal
cycle curve and strain distribution, the different flow behaviors
of the material in the horizontal and thickness directions were
comprehensively analyzed. The numerical model accurately
predicts the occurrence of void defects at the top of NZ on the
AS and is verified by experiments. The model is of great
significance for optimizing welding process parameters and
improving joint quality.

2. Establishment of Finite Element Model

2.1 Physical Model and Meshing

In this paper, a quasi-steady-state numerical model of FSW
of 7075 aluminum alloy is established by using Deform
software. The CEL calculation method is used, which can
improve the distortion problem in the ordinary grid model to
the greatest extent. The size of the aluminum alloy plate used in
the simulation is 100 9 60 9 5 mm; the stirring head adopts a
flat shoulder and a smooth conical stirring needle. The size and
relative position of the stirring head are shown in Fig. 1. In the
simulation, the stirring head is a rigid tool. Because the
simulated surface of the stirring head is poor after meshing, the
stirring head does not divide the grid. The aluminum alloy
workpiece is set as a Euler body and is divided by relative
grids. At the same time, local refinement is adopted around the
stirring head, and the grid moves with the stirring head, as
shown in Fig. 2. Therefore, the interface contact between the
stirring head and the welded workpiece is a typical fluid-solid
coupling setting.

2.2 Material Model

During the FSW process, the material undergoes extrusion
and shear deformation under the action of the stirring head and
undergoes high temperature and severe plastic deformation. In
this paper, the hyperbolic sine equation proposed by Sheppard
and Wright et al. (Ref 23) to describe the deformation behavior
of materials at high temperature is selected as the constitutive
equation of 7075 aluminum alloy material, and its expression
form is as follows: Formula (1)
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In the formula, rs is the flow stress of material, A, a, n are
constants related to materials, Z is the Zener–Hollomon
parameter, and the Z parameter is given by formula (2).

Z ¼ _eexpðQ=RTÞ ðEq 2Þ

In the formula, _e is the strain rate, Q is the plastic strain
activation energy of material, R is a general gas constant, and T
is the absolute temperature. The material parameters of 7075
aluminum alloy are given in Table 1 (Ref 24).

2.3 Boundary Condition

In the process of FSW, the tool and the workpiece are in
friction contact with each other. In order to prevent the
workpiece from sliding, it is necessary to set appropriate
boundary conditions. The bottom surface of the workpiece is
constrained in the Z-direction, the four sides are constrained in
the XYZ direction, and the upper surface is a free plane without
constraints.

There is heat exchange between the upper surface and the
side of the workpiece and the air during the FSW process. The

Fig. 1 Stirring head size and relative position diagram

Fig. 2 Part mesh local encryption schematic diagram

Table 1 Constitutive equation parameters of 7075
aluminum alloy

Material a;Mpa�1 A; s�1 n Q; J=mol R; J=mol

7075 0.01 2.69 9 1011 6.14 158432 8.314
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heat transfer coefficient is 20 W/(m2 K), and the heat transfer
between the lower surface and the backing plate is 1000 W/(m2

K). The initial temperature of the simulation process is set to
20 �C.

In the process of FSW, most of the heat is generated by the
friction between the tool and the workpiece, so the contact
boundary conditions are necessary. In this paper, shear friction
is used as the friction boundary condition between the stirring
head and the workpiece. The expression is:

F ¼ l � rS ðEq 3Þ

In the formula, F is the friction stress, l is shear yield stress,
rS is the shear friction coefficient, this paper takes 0.5

3. Plastic Flow Simulation Results and Analysis

3.1 Material Flow in the Horizontal Direction

In order to visualize the material flow phenomenon, in the
Deform post-processing module, and use the Point tracking tool
to define the tracer particles, which flow continuously with the
welding process, and analyze the material flow in the FSW
process by tracking the movement of the tracer particles.

Taking the simulation of process parameters with a rotation
speed of 800 rpm and a welding speed of 100 mm/min as an
example, in order to fully understand the flow of the material in
the horizontal direction, tracking points are set at 13 mm from
the starting position of the welding, and the position is in the
middle of the starting point and the end point of the welding.
The welding process is relatively stable. Three sets of tracking
points were set up at the distance of 0.5, 2.5 and 0.5 mm from
the upper surface and the lower surface of the weld center,
respectively. A point was set every 0.2 mm along the welding
direction, a total of 153 points, which were marked as P1-P51,

P52-P102, and P103-P153. The tracking points setting is shown
in Fig. 3.

Figure 4 shows the flow of the tracking points on the
horizontal plane at different times during the welding process.
As the stirring head advances, the tracking points moves
backwards along the stirring needle. When t = 12 s, the upper
surface material begins to flow first, followed by the middle
layer and the bottom material. When t = 13 s, some tracking
points on the upper surface do not move with the stirring pin,
but are deposited behind the stirring head, while the middle and
bottom tracking points are still attached to the surface of the
stirring pin at this time. When t = 17 s, most of the tracking
points on the upper surface are deposited behind the stirring
head. At this time, only a small number of tracking points are
still flowing around the stirring needle, while the tracking
points on the middle and bottom deposited behind the stirring
head are much less than those on the upper surface. When
t = 20 s, the tracking points of the three parts are finally
separated from the rear of the stirring head slightly near the AS,
and then deposited, but the tracking points in the upper surface
area are farther from the stirring needle area than the middle
and lower areas, while the middle area is only slightly farther
than the bottom area. Based on the above situation, the material
flow on the upper surface is faster than the middle and bottom
areas.

Taking the tracking points P51, P102 and P153 representing
the upper, middle and lower three regions as an example. As
shown in Fig. 5, the displacement–time curve and velocity–
time curve of the tracking points P51, P102 and P153 in the Y-
direction are obtained. After the three points flow around the
stirring pin, the AS position is deposited. Among them, the
tracking point P51 is the farthest from the weld center, which is
1.08 mm, followed by P102, which is 0.59 mm from the weld
center line, and P153 is the closest to the weld center line,
which is 0.54 mm. The material flow velocity of P51 point is
the fastest, reaching 16.3 mm/s, and the velocity of P51 and

Fig. 3 The initial position of tracking points (a) x-y plane (b) x-z plane
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P153 points is 10.6 and 7.4 mm/s, respectively. At the same
time, it can be found that the tracking point P51 reaches the
peak velocity before the other two points, indicating that the
tracking point P51 flows around the needle before the other two
points, which is consistent with the results in Fig. 4.

The thermal cycle curve of temperature changing with
welding time is shown in Fig. 6. In the figure, the seam center is
13 mm away from the starting point. The temperature is
asymmetrically distributed along the weld center, and the
temperature on the AS is slightly higher than that on the RS.
This is due to the accumulation of materials on the AS, which
produces more heat, and the peak temperature appears on the
inside of the shoulder edge on the AS. With the increase of the
distance from the upper surface of the workpiece, the influence
of the shoulder is reduced, the friction heat production area on
the side of the stirring needle becomes smaller, and the

temperature decreases. The temperature of the upper surface
rises fastest, and the temperature is the highest. The material
first enters the plastic state and undergoes severe flow. At the
same time, the closer the conical stirring needle is to the upper
surface, the larger the diameter of the stirring needle, the greater
the linear velocity of the material around the stirring needle,
and the faster the flow velocity of the material (Ref 25).

In order to more conveniently understand the flow of the
material in the horizontal direction, taking the material 0.5 mm
from the upper surface as an example, tracking points are set at
13 mm in front of the stirring head, and the tracking points are
set as shown in Fig. 7. The tracking points are set at a
horizontal interval of 0.5 mm, from the AS P1 point at 20 mm
from the weld center to the symmetrical RS P40 point, a total of
40 tracking points are set.

Fig. 4 Horizontal distribution of tracking points at different time points (a) t = 12 s (b) t = 13 s (c) t = 17 s (d) t = 20 s
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Figure 8 shows the flow of tracking points at different times
during FSW. At t = 11.5 s, the tracking points on the RS first
followed the stirring needle, and the points in the middle
position also followed the flow at this time. As the stirring head
continues to move forward, more points on the AS follow the
stirring head flow; when t = 14 s, the P17 point followed the
stirring needle to flow around for nearly a circle, and finally
deposited behind the AS of the stirring head. At the same time,
it is evident that most of the tracking points on the RS basically
crossed the weld center line slightly to the rear of the AS. When
the welding is completed, the tracking points near the shoulder
edge of the AS flows forward slightly under the action of the
shoulder. This is because the shoulder edge has a large linear
velocity, which causes the material flow to accelerate and the
tracking points to move forward. The tracking points near the
stirring needle migrate under the action of the stirring needle,
and the tracking points from the edge of the stirring needle on
the AS to the edge of the shaft shoulder are arranged in a
slightly smaller ’ U ’ shape. However, this phenomenon was

not observed on the RS, indicating that the material flow was
more intense on the AS. Figure 9 shows the plastic strain
distribution of the cross section during welding. It is clear that
the equivalent plastic strain on the AS is greater than that on the
RS, which further confirms that the deformation of the material
on the AS is more severe.

In Fig. 8(d), there is also a narrow area of a small number of
tracking points (black circle area) at the top of weld nugget
zone(NZ) on the AS. In this area, almost only a small number
of tracking points exist. It can be recognized that there are
obvious material flow differences at different positions of the
weld. The abnormal material flow in this area may be the cause
of the formation of void defect. The material flow ability at the
top of NZ on the AS is the best, which leads to the formation of
instantaneous void. It can be seen from Fig. 8(d) that there is no
material on the RS flowing into the black circle area, which is
formed to coordinate the deformation and flow of the material.
Therefore, the preferential formation of void defect at the top of
NZ on the AS can be attributed to the instantaneous occurrence
of void and insufficient inflow of materials. With the increase in
welding speed, the flow velocity and extrusion force in this area
decrease, and the probability of void defect in this area
increases (black circle area) (Ref 26-28).

3.2 Material Flow in the Thickness Direction

Taking the simulation of process parameters with a rotation
speed of 800 rpm and a welding speed of 100 mm/min as an
example, the flow of materials in the thickness direction is
analyzed. Tracking points are set at a distance of 13 mm from
the start of welding. Starting from the upper surface, tracking
points are set every 0.5 mm, a total of 10 points. A total of 5
sets of tracking points were set on the center line and both sides
of the weld, and the interval between each set of tracking points
was 1.5 mm. The distribution of tracking points is shown in
Fig. 10.

The flow of the weld center tracking points in the thickness
direction is shown in Fig. 11. The tracking points near the
upper surface first flows from the center of the weld to the RS.
This is because the shape of the stirring needle is conical, and

Fig. 5 P51, P102, P153 tracking points Y-direction displacement change and velocity change (a) Y-direction displacement change (b) velocity
change

Fig. 6 Thermal cycling curves of P51, P102 and P153
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the upper radius is larger than the lower part. The linear
velocity at the edge of the stirring needle is also larger, and the
material flow is more intense. The stirring head continues to

move, and the tracking points P2, P3, and P4 flow into the
upper surface of the material through the RS around the stirring
needle, indicating that the material is squeezed at this position.

Fig. 7 The initial position of tracking points (a) x-y plane (b) y-z plane

Fig. 8 Distribution of tracking points at different times (a) t = 11.5 s (b) t = 12 s (c) t = 14 s (d) End of welding
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At the same time, the traction of the stirring needle causes the
material to flow upward. In the rear of the stirring needle, due to
the weakening of the traction effect and the backward
inclination of the stirring head, the tracking points P3 and P4
finally flow downward for a short distance.

The flow distribution of the tracking points on the AS and
the RS is shown in Fig. 12. Figure 12(a), (b), (c) and (d) is the
flow of the tracking points on the RS, and Fig. 12(e), (f), (g)
and (h) is the flow of the tracking points on the AS. Both the
left and right figures are the flow at the same time. The tracking
points of P21-P30 are 1.5 mm away from the weld, and the
tracking points of the RS of P41-P50 are 3 mm away from the
weld center line. It is obvious that the tracking points on the RS

of the two groups are near the upper surface. The tracking
points near the upper surface have stronger fluidity. Near the
upper surface, the larger the radius of the stirring needle, the
wider the influence range, and the influence of the shoulder,
thus showing stronger fluidity. However, there are still
differences between the two groups of tracking points. The
flow of the tracking points near the stirring pin is obviously
more intense. Among them, P22 and P23 show obvious upward
flow behavior, while P42 and P43 at 3 mm from the center of
the weld have no obvious upward flow behavior. The flow of
the tracking points near the bottom of the material is far less
intense than that of the upper tracking points. The bottom
tracking points fail to cross the weld center line and enter the

Fig. 9 Equivalent plastic strain distribution

Fig. 10 The distribution diagram of tracing points in the thickness direction (a) x-y plane (b) y-z plane
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AS due to the insufficient traction of the stirring needle. This
phenomenon is most obvious at the tracking points 3 mm from
the weld center line.

The flow of the material on the AS in the thickness direction
is obviously much more intense. Except for P11 and P20, the
tracking points of 1.5 mm from the weld center line on the AS
have obvious upward flow around the stirring needle, especially
P18 point, which flows upward around the stirring needle first,
and then moves downward after the stirring needle flows to the
rear of the stirring needle. The final deposition position is
obviously upward compared with the initial position. However,
at the tracking points 3 mm away from the weld center, some
materials still follow the stirring needle into the RS and finally
deposit on the tail of the AS of the stirring needle. The material
at the bottom of the stirring needle has almost no large-scale
upward or downward flow due to the weakening of the stirring
effect.

As shown in Fig. 13(a), the displacement of P5, P15, P25,
P35 and P45 tracking points 2 mm from the upper surface of
the weld, which are located at the center line, AS and RS of the
weld, respectively, with time along the thickness direction is
studied. The P15 point on the AS has the largest displacement
change and the longest flow distance. Finally, it is deposited
above the initial position of 1.37 mm. (In Fig. 13b, the dotted

line parallel to the X-direction is the initial position.) The
displacement of P5 and P25 points at the center line of the weld
and the AS of 3 mm from the center line of the weld is the
second, but finally due to the decrease of the extrusion force
and the backward inclination of the stirring head, the deposition
position and the initial position in the thickness direction
change little. The two points at 1.5 mm and 3 mm from the
center line of the weld also follow the upward flow of the
stirring needle, but the final flow is insufficient, and it is
deposited below the initial position in the thickness direction.
Therefore, it is apparent that there is a clear gap between the AS
and the RS in the thickness direction. The AS flows upward
with the stirring needle due to the strong shear effect, and most
of the tracking points flow into the back of the stirring needle
and move slightly downward under the downward extrusion
force.

4. Experimental Validations

Figure 14 shows the metallographic structure of FSW of
7075 aluminum alloy with the same size and parameters as the
simulation; there is a clear boundary between the NZ on the AS

Fig. 11 The distribution map of tracking points at different times on the weld center line (a) initial time (b) t = 11.5 s (c) t = 11.8 s (d)
t = 12.8 s (e) final state
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and the thermo-mechanically affected zone. There are obvious
differences in the grain morphology between the two regions;
the grain force in the AS is elongated, showing a flat strip grain,
which verifies that the material flow ability on the AS is the
best. There are obvious differences between AS and RS, and
the number of fine grains around RS is more, which proves that
there are obvious differences in material flow at different
positions of the weld. It is evident that the number of fine grains
decreases step by step in the position away from the NZ, that is,

the recrystallization area decreases significantly. However, the
boundary between the NZ on the RS and the thermo-
mechanically affected zone is not obvious. The farther the
distance from the NZ is, the less the number of fine
recrystallized grains is, but the change is far less obvious than
that of AS, but closer to the process of gradual change, which
further confirms that the deformation of the material on the AS
is more intense. It was also found that the NZ on the AS had
void defects (black circle area).

Fig. 12 Diagram of tracking points flow on AS and RS (a)–(d) tracking points flow on RS (e–h) tracking points flow on AS
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5. Conclusions

This study deals with numerical investigation on material
flow pattern in FSW of 7075 aluminum alloy.

(1) The material flow patterns are different in the horizontal
and thickness directions.

(2) In the horizontal direction, most of the materials on the
AS within the influence of the stirring pin flow around
the stirring pin and finally deposit behind the AS.

(3) Void defects occur at the top of NZ on the AS.
(4) In the thickness direction, the closer to the upper sur-

face, the more intense the material flow. The materials
within the influence range of the stirring needle will
basically follow the stirring needle to move upward and
deposit behind the stirring head.

(5) At the position near the stirring needle, the plastic defor-
mation of the AS is more severe than that of the RS,
and the material flow is more intense.
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