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Abstract Friction wear is a key factor influencing the life of
friction stir welding (FSW) tools. One of the challenging
problems in the field of FSW is improving anti-wear proper-
ties and extending the service life of tools. Based on Archard
theory, a rigid-plastic mathematical-physical model describing
the friction wear behavior of the tool during FSW process was
established. The friction wear behavior and surface features of
the tool during plunging and welding stage were studied by
numerical and physical experiments. The effects of welding
parameters and geometrical features of the tool on friction
wear behavior were analyzed. 7075 aluminum alloy was
chosen as the welding material and the tool was designed
and manufactured by 3D printing. These numerical and phys-
ical experiments were compared. The results show that the
tool fabricated from turning consisted of tempered martensite,
while the tool produced from selective laser melting showed
layers of banded structure with inhomogeneous directions.
The average microhardness of the latter was higher than that
of the former. The wear loss of the FSW tool during plunge
stage increases with the increasing of the rotation speed and
plunge speed. Meanwhile, the wear depth of the tool increases
with raising the rotation speed at a constant welding speed.
The weight of FSW tool decreases with increasing welding
distance. The microstructure of the stir made by the selective
laser melting is beneficial to improve the anti-wear property.
The manufacturing process method can affect the tool’s life-
time seriously with the same material used. The simulation
results are shown to be in good agreement with experimental
data. The study also provides theoretical and practical guid-
ance for predicting the wear of FSW tools.
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1 Introduction

The friction stir welding tool is a core study object in friction
stir welding (FSW) research. The main effects of the tool are
heating and softening the welded material, destroying the
oxidation layer on workpiece surface, and driving the plastic
material flow [1]. The size and geometry of FSW tools have a
great effect on the microstructure and mechanical properties of
the joint [2—4], and the design of FSW tools is a key factor to
obtain high-quality joint. The tool experiences a combination
effect of high temperature, forging pressure, friction torque,
and welding resistance during welding. So, long-time working
will lead to the failure and shortening of the lifespan of the tool
[5-7]. Wear is the most crucial element which affects the FSW
tool’s life, and it’s also one of the main reasons that cause
failure. The wear of the FSW tool will seriously reduce
welding efficiency, increase production cost, and shorten the
tool’s lifespan [8]. Due to the huge difference between the
hardness of FSW tools and light alloy workpieces like mag-
nesium and aluminum, the wear volume fraction is negligible.
Nevertheless, when applied to high strength and hardness
material, the wear resistance of the FSW tool is a key factor
to decide whether the welding process can last for a long
duration, or whether a high-quality joint can be obtained.
Therefore, the research of FSW tool wear is of great
significance.

Many experiment and simulation researches were
conducted on FSW tool wear. Sato Yutaka S. et al. [9]
studied the wear of the FSW tool during welding and
the microstructural evolution of the weld. W. M. Zeng
et al. [10] investigated the effects of different pin wear
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levels on joint quality, and the results showed that the
wear led to formation of voids in the stir zone and
further resulted in the decrease of tensile strength and
yield strength. A. Farias et al. [11] carried out the FSW
experiment on titanium utilizing the tool made of
cemented carbide. The results of metallographic analysis
showed no internal defects in the welds. However, the
tool experienced severe wear due to heat adhesive and
elements diffusion, causing loss of weld surface and
fragments inside the joint. Siddiquee et al. [12] investi-
gated the effect of FSW parameters on the wear and
deformation behavior of tungsten carbide (WC) tool
with different levels of shoulder diameter, tool rpm,
and traverse speed. The results showed that wear at
the pin root and bottom face of the pin attributed to
diffusion and attrition mechanisms, respectively. FSW of
aluminum matrix composite (including strengthening
phase likes SiC and Al,O3) is also a research focus
for its spread applications in aerospace industry. T.
Prater et al. [13—18] established the wear model and
explored influences of the size and mass fraction of
strengthening phase on the wear of FSW tool through
the change of mass and geometry and observation of
surface topography. B. Gibson et al. [19] proposed self-
adjusting torque controller, which could predict the pin
profile during welding process precisely. Simulation is
an effective and cost-saving way to study tool wear. S.
Mandal et al. [20-22] simulated the tool wear during
the plunging stage, and results showed that the adoption
of donor material reduced the wear extent of FSW tool.

It is an effective way to reduce wear through selecting tool
material with high hardness, high temperature, and wear re-
sistance properties [23]. In addition, the manufacturing meth-
od of FSW tools is another factor to affect wear. Direct metal
laser sintering (DMLS) is a new 3D print manufacturing or
AM process which can fabricate parts directly by layer-by-
layer laser sintering of metal powder according to CAD data
[24]. These new way gets rid of reliance on mold tools, and
provides the potential for virtually unlimited complexity and
design freedom, allowing the manufacture of complex internal
structure and free-form geometry [25]. Compared with con-
ventional manufacturing methods, components fabricated by
DMLS can not only meet requirements, but also have im-
provement in their performance in service as quicker produc-
tion. So far, DMLS also has some problems of poor micro-
and macrostructure and residual stress in any materials, and
few public literatures studied the wear of the tool made by 3D
print manufacturing.

In this paper, a rigid-viscoplastic model based on the
Archard wear theory was established to simulate the
wear of a FSW tool with three-chute cavity shoulder
and three-slope conical thread pin. The influences of
process parameters and geometry features on the wear
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Fig. 1 Three-dimensional model of the FSW tool

behavior of FSW tool during the plunge stage and
welding stage were studied. A FSW experiment was
conducted on 7075 aluminum workpiece using a 3D
print-manufactured FSW tool, and the experiment data
was compared with the simulation result. The numerical
results were in good agreement with the experimental
results. Those data provide theoretical and practical
evidence for researches on FSW tools, and this is the
first study of the effect of the manufacturing process of
the same material on friction stir tool’s life.

2 Numerical model

In this paper, DEFORM-3D software was chosen to simulate
FSW for its point tracking function and capability of accurate
modeling of processes with severe plastic deformation. And
the following assumptions were made: (1) the friction factor
between the workpiece and the tool was constant, (2) all of the
free surfaces of the workpiece and the tool were exposed to
atmosphere under the ambient temperature except the back-
plate, and (3) the workpiece was fixed in all directions at the
lower surface.

Fig. 2 Numerical and meshing model
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Fig. 3 The temperature-dependent curves of 7075 aluminum. a Young’s modulus. b Thermal conduction coefficient. ¢ Specific heat capacity [31]

2.1 Wear model

In FSW process, many factors, such as the rotation
speed, the welding speed, and the hardness of welded
material, have an effect on the tool wear. Equation 1 in
Archard wear theory is suitable for predicting abrasive
wear quantitatively, and it can calculate the wear rate of
every node of the tool in contact with the workpiece
[26-28]. The main advantage of this model is its ability
to describe wear behavior based on contact mechanism,
and to calculate local wear. According to Eq. 1, the
volume of the material removed from the tool due to
wear is proportional to the work done by friction forces
[29]. The effect of temperature variation on the hardness
of tool was not taken into account and velocity and
pressure distribution might have a greater influence on
wear profile than hardness [30].

Py
W= [ Kx——dt 1
JEE= (1

where W represents wear volume, P is contact pressure be-
tween the FSW tool and the workpiece, v is the relative sliding
velocity, H is the hardness of the tool, and df is the time
increment. The experimentally calibrated coefficients a, b,
and ¢, were equal to 1, 1, and 2, respectively, in this paper.
K is a measurement of the wear intensity which can be
obtained by repeated experiment. K is 2e—6 when the tool
material is H13 steel.

2.2 Finite element model

The three-dimensional model of the tool with three-chute
cavity shoulder and three-slope conical thread pin was
established using UG7.5 software, as shown in Fig. 1. Then,
it was imported into DEFORM software to establish the finite
element model of FSW shown in Fig. 2 after the file format
were converted to STL.

Tetrahedron elements were adopted to mesh tool and
workpiece for the purpose of simulating material defor-
mation during the FSW process. The tool and the work-
piece were defined as rigid and plastic objects initially
meshed with 19,537 and 21,131 elements. In order to
improve the accuracy and efficiency of the simulation,
local re-meshing technique on the basis of former FEM
was used for the observation of geometry features of the
tool. When the variation of elements near the tool tip
was larger than 70 %, the automatic re-meshing func-
tion would be triggered. Both the material of the tool
and the backplate were H13 steel and the workpiece
material was defined as 7075 aluminum with a dimen-
sion of 100 mm in width, 60 mm in length, and 5 mm
in height. The axial amount of indentation was 0.1 mm.
The hardness of the tool was set to a constant of 45
HRC in order to simplify the model.

2.3 Material models

An appropriate material model that conforms to practical
scenarios is of great significance for obtaining accurate
simulation results. Young’s modulus, heat conduction co-
efficient, and capacity for 7075 aluminum varying with
temperature are described in Fig. 3a—c, respectively. The
thermal characteristics and physical properties of HI13

Table 1 Mechanical and physical properties of H13 steel [32]

Name Value

Material H13 tool steel
Density 7800 kg/m’
Young’s modulus 211 GPa
Poisson ratio 0.3

Thermal expansion coefficient 1.242¢-5 mm/K
Thermal conduction coefficient 284 W/(m'K)
Specific heat capacity 560 J/(kg'K)
Hardness 363 HV
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Fig. 4 The DMSL equipment of
EOSINT M280 and the
manufacturing schematic diagram

steel were assumed to be constant, as shown in Table 1.
Under the condition of high strain rate deformation, high
precision flow stress models are highly necessary to rep-
resent work material constitutive behavior. The work ma-
terial model represents plastic, elastic, and thermal-
mechanical behavior of the material deformation during
FSW process. Strain, strain rate, and temperature effects
were determined, respectively, by Eq. 2.

o= [4+5(z)] 1—|—C1n<§>] {1—(]21_2”0)’"} 2)

In the Johnson-Cook model, o is effective stress; the
constant 4 represents the initial yield strength of the
material at room temperature; B, C, and m are con-
stants; and strain rate £ is the plastic equivalent strain
which is normalized with a reference strain rate. T, is
the melting temperature, n is the work hardening expo-
nent, and 7, is the ambient temperature. In the present
study, the values of 4, B, and C were set to be 369 MPa,
684 MPa, and 0.0083, respectively [21].

2.4 Boundary conditions

The movements of lower surface of 7075 aluminum in all
directions were limited. In the initial stage, the temperature of
the workpiece and the tool was equal to ambient temperature.
The shear model (Eq. 3) was used to describe contact situation
between the tool and the workpiece.

[ =mk (3)

where f denotes the frictional stress, & is the shear yield stress,
and m represents the friction factor which was set to 0.4 in this
paper. Heat transfer coefficient between the workpiece and the
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backplate/tool is 22,000 W/(m?-°C), and the convection coef-
ficient between the workpiece and air is 20 W/(m?-°C).

3 Experiments

The FSW tool was made from EOS tool steel powder
by the EOSINT M 280 machine (Fig. 4). The technical
data of EOSINT M 280 is shown in Table 2. Then, it
was stress relieved at 790 °C for 90 min and cooled
naturally in the furnace before being removed from the

Table 2 Technical data of EOSINT M280

Building volume (including
building platform)

250 mmx*250 mmx325 mm
(9.85%9.85x12.8 in.)

Laser type

Precision optics

Scan speed

Variable focus diameter
Power supply

Power consumption
Nitrogen generator
Compressed air supply

Dimensions (WxDxH)
System

Recommended installation
space

Weight
Data preparation
Software

CAD interface

Network

Yb-fiber laser, 200 or 400 W
(optional)

F-theta-lens, high-speed scanner

Up to 7.0 m/s (23 ft./s)

100-500 pm (0.004-0.02 in.)

32 A

Maximum 8.5 kW/typical 3.2 kW

Integrated

7000 hPa; 20 m*/h (102 psi;
706 ft*/h)

2200 mmx 1070 mm>2290 mm
(86.6x42.1x90.1 in.)

Min. 4.8 mx3.6 mx2.9 m
(189%x142x114 in.)

Approx. 1250 kg (2756 1b)

EOS RP Tools; EOSTATE Magics RP
(materialize)

STL. optional: converter for all
standard formats

Ethernet
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Fig. 5 The wear contour of FSW
tool at plunge stage under
different parameters. a w=600r/
min, v,=1.2mm/s. b w=800r/
min, v,=1.2mm/s. ¢ w=1000r/
min, v,=1.2mm/s. d w=1000r/
min, v,=1.0mm/s. e w=1000r/
min, v,=0.8mm/s

Toal wear - Wear deptn

Tool wear - Wear depth (total) (mn

(a) =600r/min,v, =1.2mm /s ; (b) @=800r/ min,v, =1.2mm/ s : (¢)

®=10007r/min, v, =1.2mm/s

Tool wear - Wear depth (total) (mm) Toal wear - Wear depth (total) (mm)

(d) ®=10007/ min,v, =1.0mm/ s : (€) @=1000r/min,v, =0.8mm/ s

titanium base plate by wire electrical discharge machin-
ing. The mass of the tool before carrying out the FSW
of 7075 aluminum was 28.0 g. The plastic aluminum

quantitatively calculated by measuring the mass change
before and after welding according to Eq. 4. Where m
is the initial mass, and Am is the mass loss.

adhering to the tool surface was removed before analy-
sis by immersing the tool into the sodium hydroxide

solution (100 ml H,O+10 g NaOH) for 4 h to etch the mi—Am % 100% (4)
aluminum. The wear volume fraction of the tool can be m;
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Fig. 6 The locations of end face tracking points and their time-wear curves under w=600r/min, v,=1.2mm/s
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Fig. 7 The locations of side face tracking points and their time-wear curves under w=600r/min, v,=1.2mm/s
4 Results and discussion fail [16]. Thus, there is a notable significance to inves-
tigate the influence of process parameters on wear be-
4.1 Plunging stage havior of the FSW tool at the plunge stage. Figure 5

shows the wear contour of the FSW tool under different
During the plunge stage, the tool was subject to large  parameters. It can be seen that under a constant plunge
and non-uniform force, and was prone to wear or even  speed, tool wear increased by 93.5 % (from 0.139 to

Fig. 8 The wear contour of FSW
tool at welding stage under
different parameters. a w=600r/
min, v,,=0.5mm/s. b w=800r/
min, v,,=0.5mm/s

(a) =600r/min,v,, =0.5mm/ s :(b) @=800r/min,v, =0.5mm/s :(c)

®=10007/min,v, =0.5mm/s

Tool wear - Wear depth (1

(d) @=10007/min,v, =0.4mm/s ; (€) @=1000r/min,v, =0.6mm/ s
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Fig. 9 The locations of tracking points and their time-wear curves under w = 6007/min, v, = 0.5mm/s

0.268 mm) as the rotational speed increased from 600
to 1000 r/min. Under a constant rotational speed of
1000 r/min, heat input per unit time increased as the
plunge speed decreased, which led to the decrease of
the fluid pressure of the material and the friction resis-
tance of the tool. Hence, the total wear depth decreased
from 0.268 to 0.208 mm.

At the three flumes on the tool shoulder, the wear was slight
due to the low contact pressure between the tool and the
workpiece. The wear depth was larger at the location closer
to the edge of the shoulder, as a result of the larger relative
wear velocity. The wear depth distribution was similar under
different sets of process parameters.

Fig. 10 The end-face of the tool.
a Before welding. b After a
welding distance of 0.2 m. ¢ After
a welding distance of 0.4 m. d
After a welding distance of 0.7 m.
e After a welding distance of

1.2 m

The point tracing method was applied to study the pin’s
end-face wear distribution. Figure 6 shows the time-wear
curves of the feature points during the wear process. The
farther from the geometric center of the end-face, the higher
wear can be detected. The maximum wear, which was
0.0954 mm, located at the interface between the inclined plane
and the taper surface. The geometric center of the end-face has
the minimum wear (0.0108 mm) in virtue of the low relative
velocity between the pin and the welded material.

The time-wear curves of the six points radially distributed
on the tool shoulder are shown in Fig. 7. Due to the difference
of the relative sliding velocity and the contact pressure be-
tween the outer and inner diameter of the taper thread during

©
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Fig. 11 The distance-dependent curve of the FSW tool mass

the plunge process, the wear of points on the inner diameter
was lower than that on the outer diameter.

4.2 Welding stage

Figure 8 shows the wear contour of the tool after welding for
10 mm under different rotational speed and welding speed. It
can be seen that under a constant welding speed of 0.5 mm/s,
the wear depth of the tool increased from 0.155 to 0.296 mm
as the rotational speed increased; whereas under a constant
rotational speed of 1000 r/min, the wear depth of the tool
changed slightly. The wear depth was 0.284, 0.296, and
0.289 mm, respectively, with the welding speed of 0.4, 0.5,
and 0.6 mm/s.

The degree of wear will change with factors such as
temperature, contact pressure, and the material flow
velocity near the geometric features of the tool surface.
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Fig. 12 The variant curve on welding/rotation ratio and maximum wear
depth

@ Springer

Figure 9 shows the wear depth of three feature points
on the pin surface during the entire welding stage. It
can be seen that point 2, which is located in the groove
of the thread, showed almost no wear owing to the low
contact pressure during welding. Point 1 at the interface
between the inclined plane and the taper surface and
point 3 on the inclined plane experienced severe wear
during the plunge stage. At the welding stage, the wear
depth at points 2 and 3 increased gradually with the
increase of the welding distance. And since the plastic
material at point 1 had a relatively higher flow velocity,
its wear depth was larger than that at point 3.

4.3 Experimental verification

The validation experiment for numerical simulation used
7075 aluminum alloy as workpiece under the rotational
speed of 1000 r/min and welding speed of 0.5 mm/min.
Figure 10 shows the end-face of the tool before and
after welding, and from (b) to (e) the length of the weld
ranged from 0.2 to 1.2 m. As can be seen from the
figure, due to the continuous effect of friction heat
during the welding process, the end surface turned
black. In addition, the wear of the end-face became
more severe with the increase of the welding distance.

Figure 11 indicates the relationship between the mass of the
tool and welding distance. When the welding distance in-
creased from 0.2 to 1.2 m, the tool mass loss caused by wear
gradually reduced at the initial stage of welding, and then
remained constant. However, due to the large differences
between the physical properties of the tool steel and the
workpiece material, mass loss caused by wear was small. With
a welding distance of 1.2 m, the mass loss was only 1.07 %.

4.4 Relationship between ratio R and wear volume fraction

According to Archard wear theory model, the wear of the tool
is related to both relative sliding speed and contact pressure
between tool surface and workpiece. The ratio of welding
speed to rotation speed, R, represents the heat input during
welding process. The R-dependent tool mass loss curve de-
rived from experimental data is shown in Fig. 12. The pro-
posed fitting formula is shown in Eq. (5), where W is the
maximum wear depth and R is the ratio of welding speed to
rotation speed.

R-0.02893)2

W = 0.14529 + 0.251¢ 2 oo (5)

The maximum wear depth of the tool increased with the
increase of R based on the fitting curve and the formula, and
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Fig. 13 Macrostructure and microstructure of tools. a Macrostructure of traditional turning stir. b Macrostructure of selective laser melting stir. ¢
Microstructure of traditional turning stir. d, e Microstructure of selective laser melting stir

reached its maximum value when R was 0.02893. Then, the
wear depth stayed stable by continuously increasing R.

4.5 Discussion

Figure 13 shows the difference of the H13 steel stir’s
macrostructure and microstructure between two fabricat-
ed methods: (1) traditional turning and (2) selective
laser melting. The tool fabricated by turning consisted
of tempered martensite (Fig. 13c), while the tool pro-
duced from selective laser melting showed layers of
banded structure with inhomogeneous directions
(Fig. 13e). The microstructure inside the bands, as
shown in Fig. 13d, was similar to that of the tool
fabricated by turning. The banded structure in the 3D-
printed tool was formed after the solidification of the
melted metal powder. Each band had a boundary—so-
lidification boundary. These boundaries could serve as
obstacles to grain boundary sliding and thus could in-
crease the resistance to deformation and wear. As

illustrated in Fig. 14, under certain force, grains without
a solidification boundary might experience grain bound-
ary sliding, which would result in plastic deformation.
This is how tool wear would take place. However,
grains with a solidification boundary would possess
higher stiffness. Therefore, those materials, although
under the same force, are more likely to experience
elastic deformation rather than plastic deformation be-
cause of the constraint provided by solidification bound-
aries. Thus, tools fabricated by selective laser melting
have higher wear resistance.

Figure 15 shows the microhardness of tools fabricated
by traditional turning and selective laser melting method.
There was no obvious variation of microhardness from the
center to the edge of both stir tools. For the tool fabricated
by selective laser melting, the average microhardness
(362.8 HV) was approximately 50 % higher than that by
traditional turning (242.2 HV). This result also substanti-
ated the effect of solidification boundary in the 3D-printed
tool. The microstructural observation and microhardness

Fig. 14 The effect of Gra —
solidification boundary on wear am —__|
deformation
Plastic deformation
Grain |
boundary
i
—_
Soblifﬂgg:gon/ Elastic deformation
———
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Fig. 15 Microhardness of tools fabricated by traditional turning and
selective laser melting

test together indicated that tools fabricated by selective
laser melting would gain higher wear resistance than tools
fabricated by turning.

5 Conclusions

(1) Under constant plunge speed, the wear depth of the tool
was positively related with the speed. With constant rotational
speed, the wear depth was negatively related with the plunge
speed. The maximum wear depth of the tool end-face occurred
at the boundary of the three-chute face and three-slope face.
(2) Since the relative sliding velocity of the tool end-face
showed a radially increasing trend, the farther from the geo-
metric center of the tool end-face, the greater tool wear would
be produced. On the thread, the wear situation of points on the
external diameter of thread was more severe than that on the
inner diameter of thread.

(3) The increase of the rotational speed caused an increase in
wear depth under constant welding speed. When the rotational
speed was 1000 r/min, the maximum wear depth of 0.293 mm
occurred at the welding speed of 0.5 mm/s.

(4) As the welding distance increased, the tool mass gradually
decreased, but due to the large differences in physical proper-
ties between the friction tool and the workpiece, the tool wear
remained small. When the welding distance was 0.4 m, the
mass loss was 1.07 %. The numerical results of the wear on
the tool end-face agreed well with the experiment results.

(5) The solidification boundary in the 3D-printed tool served
as obstacles to grain boundary sliding and thus could increase
the resistance to plastic deformation and wear. The higher
average microhardness of the 3D-printed tool also indicated
its higher wear resistance and the effect of solidification
boundaries on hindering plastic deformation.
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