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Abstract: In friction stir welding (FSW), many defects (such as kissing bond, incomplete penetration,
and weak connection) easily occur at the root of the welded joint. Based on the Levy–Mises yield
criterion of the Zener–Hollomon thermoplastic constitutive equation, a 3D thermal–mechanical
coupled finite element model was established. The material flow behavior and the stress field at
the root area of a 6 mm thick 2024-T3 aluminum alloy FSW joint were studied. The influence of pin
length on the root flaw was investigated, and the formation mechanism of the “S line” defects and
non-penetration defects were revealed. The research results showed that the “S line” defect forms
near the bottom surface of the pin owing to the insufficiently mixed material from the advancing
side (AS) and retreating side (RS) near the weld center. The non-penetration defect forms near the
bottom surface of the workpiece owing to the insufficient driving force to make the material flow
through the weld center. With the continual increase of pin length, the size of the “S line” defect
and non-penetration defect reduces, and finally, the defect-free welded joint can be obtained with
an optimized suitable length of the pin in this case.

Keywords: friction stir welding; welding seam root; metal flow behavior; root flaw; pin length;
Incomplete penetration; weak connection

1. Introduction

Friction stir welding (FSW) is a novel solid phase bonding technique developed by The Welding
Institute (TWI) in 1991 [1]. During welding, heat input generated by the friction heat between the
tool and the workpiece, and the plastic deformation of the welded metal changes the welded metal
into a thermoplastic state. The plastic metal generates plastic flow and forms a closed joint under
the combined action of the pin and the shoulder [2]. FSW is of high quality with a low welding heat
input, no filler metal, no smoke, and no weld splash during the welding process, and it is of a green,
environmentally friendly nature. FSW technology is often used for welding magnesium alloy, aluminum
alloy, and other light alloy materials [3–5]. More importantly, in recent years, FSW technology shows
great advantage in joining dissimilar alloys such as Al–Mg–Si/Al–Zn–Mg alloy [6], Al/NiTi alloy [7],
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and Al/Steel [8]. However, FSW involves the changes of temperature, adhesive shear force, and metal
flow behavior, which is a complex thermal–fluid coupled process. The root of the welded joint often
forms a weak connection or kissing bond of “S” line and non-penetration defects due to insufficient
fluidity of plastic materials and heat input.

The weak-connection defect at the root of the weld has a great influence on the mechanical
properties of the FSW welded joint. Weak connection defects will reduce the plasticity of the joint.
When there is a weak connection defect at the root of the weld, the fracture mode in the tensile test will
be brittle. For well-formed welded joints, the fracture mode is plastic [9–11]. Jolu [12–14] investigated
the effect of root flow on the tensile and fatigue behavior. They found that the root flaw acts as a crack
initiation site during the tensile test, which reduces the yield strength of the welded joint by 40% and
the ultimate tensile strength by 20%. In the fatigue life test, they found that the tilting angle of the
weak connection can influence the fatigue life of the welded joint. When the weak-connection defect is
strongly tilted with respect to the loading direction, the fatigue life of the joint is higher. Zhou [15]
studied the effect of weak connection defects on the fatigue strength of the FSW joint. They found that
when the strain rate is 0.1/s, the fatigue life of intact weld seams is 21 to 43 times longer than that of the
weld seams with weak connection defects at the root, which is owing to the fact that fatigue cracks
can generate from the weak connection line, resulting in a great reduction of the fatigue life of the
weld. Kadlec [16] found that the size of the root flaw significantly affects the fatigue life of the welded
joint. When the size of root flaw is 315 um, it does not affect the fatigue strength of the connection.
However, the 670 um size weak connection defect reduces the fatigue life of the joint to 91% of the
base metal.

Due to the influence of root defects on the mechanical properties of FSW joints, many scholars
began to pay attention to the formation mechanism of root defects and the relationship between the
root defects and process parameters. Sato [10,17] and Okamura [18] studied the weak connection of the
FSW welded joint of aluminum alloy. They found that “S line” defects originated from oxide film on the
butt surface of the workpiece. During the FSW process, broken oxide particles form a black flow trace
originated from the retreating side and extending to the advancing side. “S” shape weak connection
lines distribute continuously in the welding direction, forming a weak bonding surface. Chen [19] used
the numerical simulation method to quantitatively research the bonding behavior of the FSW joint.
The numerical simulation results show that the weak connection defect is caused by the insufficient
fluidity of the plastic material and heat input at the root of the welding seam, which leads to insufficient
bonding pressure at the butt surface of the weld. Luo [20] studied material flow in the FSW process
based on a computational fluid dynamic model; they found that the ratio of rotation speed to welding
speed has an effect on the material flow behavior around the stirring pin, which is related to the defect
formation in the FSW welded joint. Moussawi [21] studied the friction stir welding of DH36 and EH46
steels at different welding speeds and rotation speeds. They found that the high-speed movement
of the stirring pin will result in insufficient fluidity of the weld material and weak connection defect
at the root of the welded joint. Hou [22] and Zhou [23] found that the root flaws occur under high
welding speed and low rotation speed owing to the insufficient heat input and material flow.

To eliminate the root flaw of the FSW welded joints, some scholars adopted the improved FSW
method such as electricity-assisted friction stir welding (EAFSW) [24–26], bobbin tool friction stir
welding (BTFSW) [27–29], and ultrasonic-assisted friction stir welding (UAFSW) [30,31], although the
complex design of the stirring tool or the additional equipment induced by these methods increases
the cost of the FSW process. In traditional FSW, some scholars believe that the root defects are caused
by the improper selection of the pin length. Since the length of the pin has an important influence
on the welding heat input, it also determines the forging behavior and extrusion pressure of the tool
on the plastic material in the welding process [32]. However, if the pin is too long, its length will
exceed the thickness of the base metal, which makes the backing plate adhere to the base material.
If the pin is too short, a non-penetration defect will appear at the bottom surface of the workpiece [33].
Mandache [34] investigated the effect of pin length on the formation of defects at the root of the welding
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seam. They found that with the increase of the pin length, the size of the non-penetration defect
decreases gradually, but the size of the defect of the weak connection fluctuates in a wavy manner.

Weak connection and non-penetration defects at the root of the weld have seriously affected the
quality of the weld, but the existing studies have not revealed the formation mechanism of defects
at the root of the weld from the flow mechanism, and there is no in-depth study on the mechanism
of eliminating defects at the root with the length of tool pin. In this paper, the metal flow behavior
at the root of the weld and the formation mechanism of weak connection defects were studied by
the numerical simulation method, the influence of different tool pin lengths on the plastic metal flow
behavior at the root of the weld was investigated, and the optimized suitable length of the pin with
a non-defects welded joint was identified.

2. Models

2.1. Geometry and Material Model

A 2024-T3 aluminum alloy plate with a length of 120 mm, a width of 35 mm, and a thickness of
6 mm was used for the geometry model. The shoulder diameter of the stirring tool is 16 mm with
concentric ring grooves. The diameter of the top and root of the pin is 6 mm and 3 mm, respectively.
The length of the pin is L, which changes from 5.8 to 6.0 mm. The conical angle θ changes from 14.5◦ to
14◦ with the pin length changing from 5.8 to 6.0 mm. Figure 1 shows the diagram of the workpiece and
the stirring tool with the corresponding size.
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Figure 1. Schematic diagram of tool size and welding sample.

The chemical composition of 2024-T3 aluminum alloy is shown in Table 1. The thermal conductivity,
specific heat capacity, thermal expansion coefficient, elastic modulus, Poisson’s ratio, and other physical
parameters of aluminum alloy 2024 are shown in Figure 2.

Table 1. Chemical composition of aluminum alloy 2024.

Chemical Component Si Fe Cu Mn Mg Ni Zn Ti Al

Content/wt % 0.5 0.5 3.8 0.3 1.3 0.1 0.3 0.09 Bal
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Figure 2. Thermophysical properties of aluminum alloy 2024 with temperature change. (a) Density
and thermal expansion coefficient; (b) Young’s modulus and Poisson’s ratio; (c) thermal conduction
coefficient and specific heat capacity [35].

2.2. Heat Generation Model

In the process of FSW, welding heat input includes three parts: (1) friction between the shoulder
and the workpiece; (2) friction between the pin and the workpiece; and (3) plastic deformation of the
material. According to the minimum torque required by the tool to overcome the rotation of friction,
the heat produced by friction on the shoulder, the heat produced by friction on the side of the pin, and
the heat produced by friction on the bottom of the pin can be calculated as:

Qshoulder =
4
3
π2µPN

(
Rs

3
−R2

3
)

(1)

Qpin−side =
4π2NµP

3sinα

(
R3

2 −R3
3

)
(2)

Qpin−bottom =
4
3
π2µPNR3

3 (3)

where Qshoulder, Qpin−side, Qpin−bottom represent heat generation at the shoulder, heat generation at the
side of the pin, and heat generation at the bottom of the pin, respectively. µ is the friction coefficient,
P is the welding pressure, N is the rotating speed, Rs is the shoulder radius, R2 is the root radius of the
pin, R3 is the end radius of the pin, and α is the cone angle of the pin.

In the process of FSW, the material is subjected to severe plastic deformation. Most of the
deformation work of the material is transferred to the surrounding area in the form of heat energy.
This part of the deformation work accounts for about 90% of the deformation work, while the rest



Metals 2020, 10, 913 5 of 23

of the work is used in the plastic deformation of the material. The heat source density generated by
plastic deformation is:

qp = σαp
.
ε (4)

where qp is the heat source density of the plastic deformation of the material, σ is the equivalent stress,

αp is the heat conversion efficiency, which is set as 0.9, and
.
ε is the equivalent strain rate.

Therefore, the heat produced by plastic deformation of metal materials is:

Qv =

∫
v
σαp

.
εdV (5)

where Qv represents the plastic deformation heat production of the material with volume V.

2.3. Material Flow Model

A welding material is defined as a viscoplastic material. The mechanical response of viscoplastic
materials can be defined by the constitutive relationship, hardening law, yield criterion, and flow rule.
This paper has some reasonable assumptions without affecting the research results. First, the welding
stage studied is a steady state—that is, the heat production and material flow reach a stable
state. Second, the plastic softening material is a non-Newtonian, incompressible viscoplastic fluid.
Third, elastic strains are negligible.

2.3.1. Flow Rule

The flow rule defines the change rate of various strain rate components during plastic deformation
of the material, which is expressed in Equation (6):

ε
p
ij = λ

∂g
∂σi j

(6)

where g is a scalar function of the invariants of the deviating stress and is called plastic potential, and
λ is a positive proportionality constant. When g is equal to the yield function f

(
σi j

)
, Equation (6) is the

associated flow rule and can be rewritten as Equation (7) [24]:

.
ε

p
x
σ′x

=

.
ε

p
y

σ′y
=

.
ε

p
z
σ′z

=

.
γ

p
xy

2τxy
=

.
γ

p
yz

2τyz
=

.
γ

p
zx

2τzx
(7)

where
.
εx can be expressed in Equation (8):

.
εx = {σx −

1
3

(
σx + σy + σz

)
}

.
λ. (8)

The
.
εy and

.
εz have similar equations. Similarly, the shear strain rate can be expressed as:

.
εxy =

.
γxy

2
= τxy

.
λ. (9)

The
.
εyz and

.
εzx have similar equations. The scaling factor in Equations (8) and (9) can be derived from

the work-hardening criterion as follows:
.
λ =

3
.
ε

2σ
(10)
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where effective strain rate epsilon
.
ε is:

.
ε =

√
2
3

{ .
εi j

.
εi j

}
. (11)

2.3.2. Constitutive Law

The constitutive law of the material describes the relationship between the flow stress of the
material and the plastic deformation, the strain rate, and the temperature, which can be summarized
by the functional equation:

σ = f
( .
ε, T

)
(12)

where σ is the rheological stress in the plastic deformation process of material;
.
ε is the strain rate;

and T is the deformation temperature. Rheological stress can be calculated by the Zener–Hollomon
formula. The specific expression is:

σ
(
T,

.
ε
)
= σp sin h−1

(Z
A

) 1
n
 (13)

where, A, σp, and n are the material parameters, and Z is the Zener–Hollomon parameter. The specific
expression is:

Z =
.
εexp

( Q
RT

)
(14)

where Q is the activation energy independent of temperature and R is the gas constant. The specific
parameters are shown in Table 2.

Table 2. 2024 aluminum alloy material parameters [36].

Parameter Value

A 2.29 × 1011 s−1

n 5.46
Q 178.0 kJ/mol
σp 47.7 MPa
R 8.314 J/mol·K

2.4. Boundary Conditions

2.4.1. Thermal Boundary Condition

The initial temperature of the workpiece, the tool, and the environment is defined as 25 ◦C.
During the welding process, the heat transfer between the workpiece, tool, and the environment
includes convection and radiation heat transfer, as shown in Equation (15). This heat transfer mode is
defined on all surfaces except the root and butt surfaces of the workpiece. The heat transfer between
the workpiece and the tool is defined as convective heat transfer, as shown in Equation (16). The heat
transfer between the workpiece and the bottom plate is also defined as convection, as shown in
Equation (17).

Qwa = σbεb
(
T4

w − T4
a

)
+ ha(Tw − Ta) (15)

Qwt = Kwt
∂T
∂z

= hwt(Tw − Tt) (16)

Qwb = Kwb
∂T
∂z

= hwb(Tw − Tb) (17)
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2.4.2. Mechanical Boundary Condition

All degrees of freedom of the workpiece are constrained to prevent rigid displacement and rotation
of the workpiece during welding. Therefore, the velocity in the z direction of the bottom surface of
the workpiece is defined to be 0. The velocity in x and y directions on the side of the workpiece is 0.
The tool is defined to rotate around the z-axis in the positive direction—that is, counter-clockwise.
When the welding is at the plunging stage, the speed of the tool is along the z-axis. The speed of the
tool is in the x-direction during welding.

2.5. FEM Computational Mesh

In the process of FSW, large plastic deformation occurs in the welding area, and the welding
temperature field and stress and strain field change violently. In order to truly simulate the stirring
action of the workpiece material in the welding process and visualize the plastic flow behavior of
the material, the grid size of the welding seam area must be small enough. However, in the whole
welding process, the welding parts are larger, and if the whole workpiece meshes with the same
grid size, the calculation will be very large, which will seriously reduce the simulation efficiency.
Therefore, in this model, the workpiece grid is divided into two types of grid: free quadrilateral grids
used for welding plates, and free triangular grids used for the area around the stirring tool. In order to
further reduce the calculation amount while ensuring the calculation accuracy, only the grid around
the stirring tool is refined. In local grid refinement, through the absolute size control grid refinement of
the grid size, the minimum grid size is set to 0.004 mm, and the largest size is set to 1.4 mm, so the
accuracy of the grid is sufficient to reflect the plastic flow behavior of materials, the temperature field,
and stress–strain field of the weld area. The grid size of the remaining area of the workpiece is set to
2.4 mm to improve computing efficiency. In this paper, the effect of the back plate on the workpiece is
considered through mechanical and thermal boundary conditions, so the backing plate is not meshed
to improve computing efficiency. The mesh partitioning of the model is shown in Figure 3.
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2.6. Model Validation

To verify the established FSW model, a validation simulation was conducted according to the
previous experiment [33]. In the validation simulation, the size of workpiece, technological parameters,
and material are the same as those in the referenced experiment. The accuracy of the established FSW
model was studied by comparing with the actual heat cycle curve of the measurement points located
8 mm from the weld center under different welding speeds. Figure 4 shows the heat cycle curve of
experiment and simulation. By comparing the results between simulation and experiment, it can be
seen that the heat cycle curves obtained by this model are basically consistent with those obtained by
the actual welding test. Therefore, this model is accurate and feasible.
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Figure 4. Comparison results of thermal cycling curves at different welding speeds obtained by
simulation and experiment.

3. Results and Discussions

3.1. Analysis of Fluidity at the Bottom of the Pin

3.1.1. Velocity Distribution

Figure 5 shows the “S line” and non-penetration defect formed at the root of the weld due to
insufficient plastic material flow. The material at the root of the weld can be divided into two different
zones according to the flow behavior. As can be seen from Figure 5, at Zone I, the materials flow
parallel to the bottom of the pin, and the materials on the advancing side (AS) and retreating side (RS)
flow in the opposite direction and mix on the RS side. However, materials on both sides fail to be fully
mixed, resulting in the appearance of a weak connection “S line” at the root of the weld. As for Zone II,
near the weld center, all materials flow in the same direction (RS→AS), while almost all materials
stop at the weld center, leading to the “vertical line” shape defect, i.e., non-penetration defect. In fact,
the area under the pin bottom is called SWZ (the Swirl Zone) in Zeng’s work [37], which refers to
Zone I + Zone II in this paper. In their experimental research of the root flaws in a 6 mm 2014Al-T6
FSW joint under a pin length of 5.73 mm, the “S line” defects appear at the weld root and extend to the
stirring zone under a wide range of process parameters. The shape of the “S line” defects obtained in
this paper in Figure 5 is similar with that observed in Figure 3 of Zeng’s work. A similar root flaw
was also observed in a 6 mm DH36 steel FSW joint under a pin length of 5.7 mm in Al-Moussawi’s
work [21].
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To explore the fluidity of plastic metal at the root of the FSW joint, the velocity distribution of the
plastic material in Figure 5 was measured under different depths (0.05, 0.1, and 0.15 mm under the pin).
Figure 6a–c shows the measurement results for the velocity distribution in the x, y, and z-directions,
respectively. The horizontal axis represents the distance to the center of the weld, in which the positive
axis is AS, the negative axis is RS, and the vertical axis represents the partial velocity.
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In Figure 6a, it can be seen from the figure that the velocity of the plastic metal in the x-direction
takes the center of the weld (y = 0) as the boundary line, advancing side (AS) plastic metal flows in the
welding direction (v < 0), and retreating side (RS) plastic metal flows in the opposite direction of the
welding (v > 0). The closer it is to the end face of the pin (0.05 mm), the better the fluidity of the plastic
metal in the x-direction and the faster the flow speed.

As can be seen in Figure 6b, near 0.25 mm from the weld center on the RS side, the transverse flow
velocity at different depths is close to 0, indicating that the plastic flow in this area is poor. As a result,
weak connection defects can easily form near the center line of the weld due to insufficient material
fluidity. However, at the middle position between the end of the pin and the bottom of the workpiece
(0.1 mm), the fluidity is relatively good. AS and RS plastic metal move in the opposite direction toward
the center of the weld line and meet at RS (x = −0.25).

In addition, the maximum velocity of the plastic metal at the root of the weld is only 0.45 mm/s
in the depth direction (z direction), as shown in Figure 6c. Therefore, the plastic metal at the root of
the weld basically has almost no flow in the depth direction. It can also be found that the velocity
distribution in Zone II is always the smallest in three directions compared with zone I, indicating the
poorer fluidity of material in Zone II.
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3.1.2. Driving Force Distribution

At the bottom of the pin, the pressure between the plastic metal is an important driving force
for the flow of the plastic metal. Furthermore, the shear action of the tool against the plastic metal is
also one of the driving forces for the flow of the plastic material. Therefore, the combined effect of
pressure and shear stress on the plastic material directly affects the fluidity of the material. In order to
investigate the distribution of the pressure and shear stress, a series of measurement points were set at
the bottom of the pin, as shown in Figure 7. In Figure 7, the distance from the end face of the pin is
0.02 mm, 0.05 mm, 0.08 mm, 0.1 mm, 0.12 mm, 0.15 mm, and 0.18 mm, respectively.
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Figure 8a shows the distribution of pressure at the root of the weld. In Figure 8, as the depth
increases, the pressure reduces. Furthermore, there is a low-pressure zone near the center line on the RS
side, and the lowest pressure is reached at y = −0.5. The uneven distribution of pressure near the center
line causes the plastic metal to flow from both sides of AS and RS to the center of the weld, which is
consistent with the velocity distribution in Figure 5. However, at the low-pressure zone, the pressure is
not enough to fully mix the material from both sides of AS and RS, leading to the weak connection.

Figure 8b shows the distribution of shear stress at the root of the weld. In Figure 8b, near the weld
center line (y = 0), it can be found that the shear stress is close to 0 when the distance from the bottom
surface of the pin is too short (0.02–0.05 mm) or too long (0.15–0.18 mm). However, when the distance
is moderate (0.08–0.12 mm), the shear stress reaches a relatively high level. Therefore, plastic metal
near the bottom surface of the pin and the bottom surface of the workpiece has poor fluidity, while
the plastic metal between these has strong fluidity. According to Figure 5, it can be found that the
location of the left-leaning line of the “S line” is at the depth of 0.08–0.12 mm, and this is consistent
with the depth range of the high shear stress, which indicates that the formation of the left-leaning
line is related to the change of the shear stress. In Figure 8c, it can also be found that the difference of
shear stress between y = −0.5 and y = 0 is smaller when the depth is in the range of 0.08–0.12 mm.
Furthermore, combined with Figure 8a,b and Figure 5, it can be found that at the Zone II (h > 0.15 mm),
the pressure and shear stress are relatively lower than that at Zone I, which is consistent with the
velocity distribution at Zone II, as shown in Figure 5.
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3.2. Effect of Pin Length on the Formation of Root Flaw

3.2.1. Effect of Pin Length on the Material Flow

In order to solve the defects of a weak connection and non-penetration at the root of FSW joints of
aluminum alloy, the relationship between welding allowance and root flaws was investigated. Figure 9
shows the velocity distribution under a pin length of 5.8, 5.85, 5.9, 5.95, and 6.0 mm, respectively.
Figure 10 shows the velocity distribution in the y-direction at the half depth between the bottom
surface of the pin and the bottom surface of the workpiece.

When the length of the pin is 5.8 mm or 5.85 mm, the “S line” defect appears at the root of the
FSW weld seam, as shown in Figure 9a,b. As the pin length increases to 5.9 mm, the “S line” shape
defect changes to the “right-tilting line” shape defect (Figure 9c), and finally the “S line” defect is
eliminated when the pin length is 5.95 mm (Figure 9d). In Figure 10, as the pin length increases from
5.8 to 5.95 mm, the velocity difference between RS and AS near the weld center (Figure 10 mark I, II)
becomes larger, which indicates a larger driving force, leading to the material being more fully mixed
near the weld center.
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It should be noted that the material flow formation near the weld center changes when the pin
length increases. When the pin length increases from 5.8 to 5.85 mm, near the weld center, the material
flow direction changes from RS→AS to AS→RS under the “S line”, which causes more material transfer
from AS to RS, and the “S line” further extends to the RS side. When the pin length increases to 5.9 mm,
the “S line” changes to the “right-tilting line”, because the material on the right side of “left-tilting line”
all flows to the RS side. Finally, the material on the right side of the “right-tilting line” all flows to the
RS side, and the defect-free welded joint is obtained when the pin length is 5.95 mm.

On the other hand, the material flow form on the margin of the pin also significantly changes
when the pin length increases. As the pin length increases from 5.85 to 5.9 mm, the material flow on
the left margin of the pin changes from vortex flow (marked red circle in Figure 9b) into the transverse
flow (marked red circle in Figure 9c), and the flow direction changes from left to right, which can
also be observed in Figure 10 mark III. It can also be found that the material flow form on the right
margin of the pin remains in transverse flow when the pin length increases, while the velocity increases
significantly as shown on the mark IV in Figure 10.

When the pin length is equal to the thickness of the workpiece, there is no welding allowance,
and the welding plate does not exist in weak connections and non-penetration defects; as can be seen
from Figure 9e, the plastic materials on both sides flow to the root of the weld. In this case, the pin
directly contacts with the backing plate, which is easy to weld the workpiece together with the working
table, and the bottom of the welding plate is poorly formed. Therefore, zero welding allowance is not
recommended in practical production.

When the pin length is 5.9 mm, there is still a weak connection and non-penetration defects
at the root of the weld. Therefore, the plastic metal flow behavior near the root of the weld center
was investigated in detail when the pin length was 5.91–5.95 mm, as shown in Figure 11. When the
pin length increases from 5.91 to 5.93 mm, the “S line” defects (red dashed line in the Figure 11)
and non-penetration defects still exist. It should be noted that with the increase of the pin length,
the width of the “S line” and the angle between the tangent line of the “S line” and the bottom
surface of pin gradually reduces, as shown in Figure 11a–c, which may be attributed to the increased
shear stress (see the Section 3.2.3) and speed difference between the RS and AS sides near the weld
center (Figure 12 mark I, II). When the pin length increases to 5.94 mm (Figure 11d), the plastic metal
flows through the center line under the end surface of the pin, which eliminates the “S line” defect.
However, the fluidity near the bottom surface of the weld is still insufficient, so that the non-penetration
defect still exists. The non-penetration defect is finally eliminated when the pin length is increased to
5.95 mm (Figure 11e).
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Figure 11. Influence of root welding allowance on plastic metal flow behavior at the root of the welding
seam (1000 rpm, 120 mm/min). (a) 0.09 mm; (b) 0.08 mm; (c) 0.07 mm; (d) 0.06 mm; (e) 0.05 mm.

3.2.2. Effect of Pin Length on the Heat Input

Figure 13 shows the temperature of the top and bottom surface of the weld under different pin
lengths. It is obvious from the figure that the welding heat input is basically unchanged when the pin
length changes in a small range (0.2 mm). Therefore, the temperature of the plastic metal at the root of
the weld is basically unchanged when welding with different lengths of the pin.

We continually increased the length of the pin by a step of 0.01 mm and studied the plastic metal
flow at the bottom of the weld with the length of the pin at 5.96 mm, 5.97 mm, 5.98 mm, and 5.99 mm.
Figure 14 shows the temperature field distribution of the weld cross-section when the pin length
exceeds 5.95 mm. As can be seen from the Figure 14, when the pin length is 5.95 mm, the highest
temperature of the weld (423 ◦C) appears on the upper surface of the weld, as shown in Figure 14a.
However, when the pin length is greater than 5.95 mm, the maximum temperature of the weld appears
at the center of the bottom of the weld. When the pin length increases from 5.96 mm to 5.99 mm,
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the maximum temperature increases from 439 to 481 ◦C, as shown in Figure 14b–e [38]. As aluminum
alloy is a low-melting alloy, if the weld temperature is too high, the recrystallization of the weld
will be coarsened. According to the Hall–Petch principle, the coarsening of the weld will reduce the
joint strength.Metals 2019, 9, x FOR PEER REVIEW 15 of 24 
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Although the temperature at the bottom of the weld increases with the increase of the length
of the pin, when the length of the pin exceeds 5.95 mm, the flow velocity of the plastic metal at the
bottom of the weld does not increase accordingly, as shown in Figure 15 (within the two black dashed
lines). At the center of the weld, the flow rate of the plastic metal is basically the same, about 5 mm/s.
Therefore, when the length of the pin exceeds 5.95 mm, further increasing the length of the pin will not
improve the flow capacity of the plastic metal at the bottom of the joint, but it will sharply increase
the temperature at the bottom of the weld, leading to the coarsening of the recrystallization tissue
and the reduction of the joint strength. On the other hand, if the pin is too long, it will pass through
the whole thickness of the workpieces and directly contact with the hard backing plate or the FSW
machine substrate. In the friction stir welding process, the two will produce intense friction and wear,
resulting in the rapid damage of the pin and the FSW machine substrate. At the same time, the pin
itself also changes significantly in length, shape, and structure due to rapid friction and wear, and the
stable FSW welding process becomes difficult to control, which leads to the deterioration of welding
forming and affects the quality of welded joints greatly. Therefore, for 6 mm thick 2024 aluminum
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alloy, a 5.95 mm pin is most suitable for welding, which can eliminate the “S line” and non-penetration
defects at the bottom of the welding seam.
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In fact, studying the different pin lengths is not only necessary for the engineering design and use
of the stirring pin; more importantly, the pin length itself is varied in the actual FSW process owing to
the wear of the stirring pin. Hence, the material flow behavior under the pin bottom is also influenced
by the change of pin length. Therefore, studying the different pin lengths is to consider the inevitable
wear of the stirring pin in the actual FSW process and its effect on the formation of the FSW joint,
which is of great significance. The issues related to the wear of the stirring pin will be discussed in our
research work and papers in the future.

3.2.3. Effect of Pin Length on Stress Field

Although slight adjustment of the length of the pin can increase the temperature of the weld
root, it has little effect on the improvement of material fluidity near the weld center, as outlined in
Section 3.2.2. However, the shear action of stirring on plasticized metal will change as the length of the
pin increases, as shown in Figure 16. At the root of the weld, the shear stress near the center of the weld
is the lowest, which indicates that the plastic metal flow in this area is the weakest. When the length of
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the pin is increased from 5.91 mm to 5.95 mm with 0.01 mm per step, the shear effect of stirring on the
plastic metal at the root of the weld would be gradually strengthened. Therefore, the fluidity of the
plastic metal at the root of the weld also increases, which results in the gradual improvement of the
forming quality at the root of the weld. When the length of the pin was 5.95 mm, a weld without root
defects could be obtained.
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It should be noted that there is a sharp transition of the shear stress near the bottom surface
of the workpiece, as shown by the black dash line in Figure 16. The sharp transition of the shear
stress illustrates that the material flow behavior in zones I and II (marked in Figure 16a) is different.
In fact, this can be explained by the difference of the constraint condition and the driving force of
the material in zones I and II. In zone I, the material is constrained by the bottom surface of the
pin and the material in zone II. The material flow in zone I is driven by the rotation of the bottom
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surface of the pin, and the pressure and shear stress are all higher in zone I according to Figure 8a,b.
Meanwhile, in zone II, the material is constrained by the bottom surface of the workpiece and the
material in zone I. The material flow in zone II is driven by the material flow in zone I, and the pressure
and shear stress are lower than that in zone I according to Figure 8a,b, resulting in a slower velocity in
zone II, which is consistent with the velocity distribution in Figure 6b. Therefore, non-penetration
defects easily generate near the weld center in zone II due to the poorest fluidity and no material
mixing in this area. With the increase of the pin length, the thickness of the zone II reduces, and it is
close to 0 near the weld center when the pin length increases to 5.95 mm, so that the non-penetration
defect is eliminated.

Figure 17 shows the distribution curve of shear stress at the half depth between the bottom surface
of the pin and the bottom surface of the workpiece under different pin lengths. In Figure 17a, when the
pin length increases from 5.8 to 5.95 mm with 0.05 mm per step (Figure 17a), the shear stress on the RS
side near the weld center (−0.5 < y < 0) significantly increases, which makes the material mixed more
fully in this area where the “S line” defect appears. A similar trend can be observed as the pin length
increases from 5.9 to 5.95 mm with 0.01 mm per step, as shown in Figure 17b. As the length of the
pin changes, it should be some relationship between the increasing shear stress (Figure 17b) and the
morphotype of the “S line” shown in Figure 11a–c. That is to say, in Figure 17b, as the shear stress
gradually increases with the increase of pin length, the width and the tilting angle of “S line” gradually
reduces according to Figure 11a–c, which also indicates that the shear stress plays a dominant role in
eliminating the “S line” defect.Metals 2019, 9, x FOR PEER REVIEW 19 of 24 
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External cooling was applied to the bottom of the workpiece to reduce the bottom temperature of
the weld and explore the plastic metal flow behavior at the bottom of the weld at different temperatures.
In order to change the temperature of the plastic metal at the bottom of the weld, five groups of
simulations were carried out to cool the weld floor. The temperature change curve of the bottom of the
weld is given in Figure 18. At the welding parameters of 1000 rpm and 120 mm/min, the temperature
at the bottom of the weld gradually decreased from 377 to 302 ◦C, and the plastic metal flow behavior
at the bottom of the weld was observed. The flow behavior of plastic metal at the bottom of the weld
is shown in Figure 19. When the temperature at the bottom of the weld changes, the fluidity of the
plastic metal in the weld basically does not change. Near the center of the pin bottom, plastic metal has
little flow. With the increase of the distance to the end face of the pin bottom, the flow of plastic metal
gradually increases. RS and AS plastic metal flow in the opposite direction and finally meet at the RS
near the weld center. At the bottom of the weld, plastic metal flows from RS to AS, and the plastic
metal flow basically stops near the center of the weld. Based on the above flow behavior, the plastic
metal at the bottom of the weld will eventually form the “S line” weak connection defect and lack
penetration at the center of the bottom of the weld.
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The flow behavior at the bottom of the weld is due to the lack of shear stress on the plastic metal
by agitation. The distribution of shear stress at the bottom of the weld is illustrated in Figure 20.
When the temperature at the bottom of weld decreases gradually, the shear stress of the plastic metal at
the bottom of weld seam increases gradually. In the position of the weld center, the shear stress is the
smallest—that is, plastic metal at the bottom of the weld is the weakest. When the temperature at the
bottom of the weld decreases, the viscosity of the plastic metal increases, and the critical driving force
required for its flow increases. Therefore, when the temperature at the bottom of the weld decreases,
although the shear effect of agitation on the plastic metal at the bottom is enhanced, the flow of the
plastic metal is not improved.
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4. Conclusions

In this paper, material flow behavior at the root of the FSW weld is studied through an established
3D thermal–mechanical coupled FSW model. The results are as follows:

(1) The material at the root of the FSW welding seam can be divided into two different zones according
to flow behavior. The material near the bottom surface of the pin is zone I, where material from
AS and RS flow in opposite directions and mix on the RS side near the weld center. The material
near the bottom surface of the workpiece is zone II, where the material flows in the same direction
near the weld center.

(2) Owing to the low pressure and shear stress at the weld center, the fluidity of the material is low in
the central area of zones I and II. The “S line” defect will appear at the RS side of zone I when the
material is not fully mixed owing to low fluidity. Furthermore, the non-penetration defect will
appear at the center of zone II when the material in zone II cannot flow through the weld center.

(3) With the increase of the pin length, the material flow behavior changes significantly on the margin
of the pin of the RS side, and the shape of the “s line” defect also changes to the “right-tilting line”
shape. If the pin length further increases, the tilting angle of the “right-tilting line” reduces, and the
sizes of the “s line” defect and non-penetration decrease. The “s line” defect and non-penetration
defect are finally eliminated when the pin length increases to a certain extend.

(4) In this paper, the optimal pin length is 5.95 mm under a 6 mm butt FSW welded joint of aluminum
alloy, which is determined from two aspects. On the one hand, if the pin length is shorter than
5.95 mm, the thickness of zone II is not negligible, which will result in the insufficient fluidity
of the material near the bottom surface of workpiece so that non-penetration defect is prone to
occur. On the other hand, if the pin length is longer than 5.95 mm, the temperature at the root of
the weld will increase to a relatively high level, which will coarsen the recrystallization tissue and
degrade the mechanical properties of the FSW joint or even make an intense wear of stirring pin,
reducing the stability of FSW process.
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