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Abstract

In this work, dissimilar butt joints of 6061 aluminum and 304 stainless steel were prepared by friction stir welding (FSW),
and the FSW process is monitored by the infrared (IR) thermography. Considering the different material properties between
aluminum and steel, a novel CFD model with weld tool is developed and tested to investigate the effects of weld tool on the
aluminum-steel joint under different traverse speeds. The calculated temperature and thermal cycles for various traverse
speed agreed well with the corresponding IR thermography experimental results. It is found that the calculated peak tem-
perature is about 10 K lower than measured peak temperature and the relative error is 2.3%, while it is 11.4% for the model
without weld tool. The model with weld tool can decrease the temperature gradient and inhomogeneity of temperature field
for aluminum-steel joint. SEM analysis of the interface between aluminum and steel showed that the thickness of IMCs may
decrease with traverse speed. The model with weld tool can provide calculated viscosity based on the validated temperature

field to analyze the insufficient stirring defect of aluminum-steel joint.

Keywords Heat transfer behavior - Friction stir welding - Aluminum-steel joint - CFD model with weld tool - Infrared

thermography observation

1 Introduction

Aluminum-steel composite structure can meet the indus-
trial requirements of structural performance and lightweight
design [1]. Therefore, joining of aluminum to steel is of
increasing interest for a wide range of industrial applica-
tions [2]. The heat transfer controls aluminum-steel joint
performance. If joining method is fusion weld, the peak tem-
perature exceeds the melting point, so brittle intermetallic
compounds (IMCs) are formed resulting in poor joint perfor-
mance [3]. Friction stir welding (FSW) is solid state joining
method which indicated the peak temperature is much lower
than the melting point, so it can restrict the generation of
IMCs [2]. Bagheri et al. [4] invented an advanced version
of friction stir brazing (FSB) entitled friction stir vibration
brazing (FSVB) to decrease the thickness of the IMC layer
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and void volume percentage of low carbon steels. They also
improved FSVB by investigating the effects of mechanical
vibration and rotational speed on the temperature, the thick-
ness of intermetallic compounds (IMCs) layers, and void
volume percentage at the joint interface [5]. It is found that
the interfacial IMCs layers thickness decreases as rotational
speed increases from 850 to 1150 rpm. Bozzi et al. [6] inves-
tigated the interface Al 6016/IF-steel in friction stir welding
spots, it is found that the thickness of IMCs layer can be
restricted by decreasing heat flux in tool pin. Wan et al. [7]
reviewed friction stir welding (FSW) of dissimilar aluminum
alloys and steels, it is generally believed that the thickness of
IMCs layer increases with the increase of heat input during
the FSW process. Derazkola et al. [8] verified the Arrhe-
nius relations between the thickness of the IMCs layer and
the temperature in the butt joints of AA5005-O aluminum-
magnesium alloy and St-52 low carbon steel sheets.
Thickness of IMCs layer is depended on the heat transfer
during FSW. In order to control the heat transfer to obtain
sound joints, special tools are designed including cutting
pin with rotary burrs [9], tool with scribe made of tungsten
carbide-cobalt cermet [10], and scrolled tool with scribe
affixed to pin tip [11], etc. However, large differences in
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their thermal properties such as expansion coefficient, con-
ductivity, and specific heat can lead to defect. Understand-
ing the effects of weld tool on the heat transfer behaviors in
friction stir welding is of great significance for producing
free defect joints based on scientific principles. But heat
transfer behaviors with weld tool are difficultly measured
because of the interaction between thermal and machinal
and the complex profile between the tool and workpiece. As
a result, the numerical analysis has been generally employed
in investigating the effects of the welding tool on heat trans-
fer behavior [12, 13].

It is more precise but more difficult to couple the weld
tool into FSW numerical model. Su et al. [14] established
a 3D full coupled CFD model with two tools of different
pin shapes (axisymmetrical conical tool and asymmetrical
triflat tool). In order to obtain higher precise in their model,
the boundary conditions of heat transfer and material flow
are determined with considering a partial sticking/sliding
contact condition at the tool-workpiece interface. Bagheri
et al. [15] expanded a numerical model with weld tool, cor-
responding to smoothed particle hydrodynamics, to consider
the importance of vibration on temperature history, heat gen-
eration, stress distribution, and strain rate during the friction
stir welding (FSW) process. In addition, the cooling influ-
ence, the effect of traveling speed, friction coefficient, mesh
size, and the mass scaling technique to find the converged
model and decrease the CPU time were also studied [16].
Sun et al. [17] developed a numerical model with weld tool
to analyze the influence of tool thread pitch on the material
flow and thermal process in FSW. Their results shows that
the total heat generation decreases with thread pitch, which
may not be measured in experiments. Chen et al. [18] also
investigated the influent of pin thread on material flow and
thermal process. Comparing with Sun’s model, their model
is more complicated, in which the transient rotation of the
threaded pin is implemented explicitly via fully transient
control of the zone motion. Chen et al. [19] further com-
pared the boundary velocity (BV) model and the boundary
shear stress (BSS) model to analyze the heat transfer and
plastic deformation behaviors during the FSW of AA2024. It
was indicated that different boundary conditions yield simi-
lar predictions on temperature, but quite different predictions
on deformation. The coupled thermomechanical FSW model
[20, 21] and retractable pin tool model [22] provide detail
technical information about setting boundary conditions and
calculation zones, but they did not provide detail information
about heat transfer in weld tool. It was generally noted that
heat transfer between the welding tool and the workpiece
can be applied to predict the heat generation and recrystal-
lized grain. Aziz et al. [23] investigated the heat generation
by considering heat transfer in weld tool. The simulation
results showed that the highest relative error is below 6% by
comparing simulated temperature profile of three different
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weld schedules. Miles et al. [24] reported more precise result
to predict recrystallized grain by considering heat transfer
in weld tool. It also showed that the heat generated during
FSW was predicted to within 5% of the experiment. Mira-
bzadeh et al. [25] developed a 3-D symmetric Finite Element
(FE) model to estimate the generated and distributed heat
for polypropylene sheet joints. It indicated that if the heat
transfer in weld tool is well predicted, the number of experi-
ment tests may be reduced.

In a summary, the model with weld tool is only tested
for the same material joints. The underlying heat transfer
and material flow mechanism of the coupling interaction
between weld tool and workpiece for aluminum-steel joints
is not yet clear. In this paper, there dimension model with
weld tool is developed to calculate the heat transfer and
material flow of aluminum-steel joint based on CFD. Since
the FSW system is consists of aluminum, steel, weld tool
head, and weld tool pin, the calculation zone is also divided
into four parts. The boundary conditions are carefully set,
especially at the tool/workpiece interface. The simulation
results are validated by conducting infrared (IR) thermog-
raphy experiments and optical microscopy (OM) experi-
ments at different traverse speed. The effects of tool on heat
transfer in the friction stir welding of aluminum-steel joint
are discussed.

2 Experiment

Bead-on-plate friction stir welding was performed on 6061
aluminum alloy and 304 stainless steel in this study. The
dimensions of each workpiece were 150 mm X 75 mm X3 mm
(Iength X width X thickness). The welding tool was made of
the H13 steel. The welding tool shoulder was 18 mm in diam-
eter, and length of the pin was 2.7 mm. The pin had a conical
geometry. The diameter of pin was 7 mm near the shoulder
and 5 mm at the tip.

A schematic view of the FSW system is illustrated
in Fig. 1. Two kinds of IR cameras are used in the sys-
tem, one is Optris PI-20072263 with measured tem-
perature range from 293 to 1173 K, the other is Optris
PI-20032134 with measured temperature range from
723 to 2073 K. The FSW equipment is developed from
Computerized Numerical Control (CNC) machine tool.
The 3 axis independent movements of the machine tool
are programed and controlled by a software-based con-
trol system. The employed plunge depth was 0 mm, and
no tilt angle was adopted. The steel is set on advancing
side (AS) and the aluminum is set on retreating side (RS)
[26]. In the welding process, welding direction is along
the length of workpiece and the workpiece traverse speed
is the controlled variable. In order to select appropriate
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Fig.1 The FSW equipment for aluminum-steel joint. a The system
included IR camera to measure the temperature. b Magnified views of
workpiece and clamp in a

Table 1 FSW process parameters of test cases

Test case Traverse speed Rotated speed Tool offset
(mm/min) (r/min) (mm)

1# 40 800 0

2# 50 800 0

3# 60 800 0

4# 70 800 0

S# 80 800 0

process parameters, pre-experiments with rotational speed
of 600 rpm, 700 rpm, and 800 rpm were performed. Then
the welding parameters are designed in Table 1.

The specimens for examination of the cross-sectional
macrostructure were grounded, polished, and etched with
different solution due to dissimilar material. Firstly, 304
stainless steel was etched with concentrated aqua regia
solution (30 mL hydrochloric acid and 10 mL nitric acid)
for 15 s and then 6061 aluminum alloy was etched with
Keller’s solution (95 mL water, 1.5 mL hydrochloric acid,
2.5 mL nitric acid, 1 ml hydrofluoric acid) for 60 s. After
that, the cross-sectional macrostructure and microstruc-
ture of specimens was observed by optical microscopy
and scanning electron microscopy.

3 Numerical model
3.1 Assumptions

The following simplifying assumptions are made to make the
heat transfer numerical calculations between weld tool and
workpiece tractable.

(1) Comparing with fusion weld, the temperature is below
the melting point during FSW, so the material thermo-
physical parameters are assumed to be constant, but the
viscosity of the material varied with temperature.

(2) The FSW process is assumed to be quasi-steady state,
while the transient process at the beginning and end of
welding are ignored.

3.2 Governing equations

The conservation equations of mass, momentum and energy
were solved, using the commercial package, ANSYS Fluent
[27]. The steady-state continuity equation, momentum con-
servation equations, and energy equation for incompressible
multi-phase flow were given by [28]:

V() =0 (1)

- (uV¥) =V - (zﬁv) Q)
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Cp
2
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_ 2
Cpr=) QCp (7)
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i=

where p is the mix density, u is the mix non-Newtonian
viscosity, p is the pressure, v is the velocity of material flow,
U is the welding velocity, H is the total enthalpy of the mate-
rial, k is the mix thermal conductivity and EP is the mix
specific heat. S, is the viscous dissipation heat generation
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due to plastic material flow originated by high strain rate
inside the shear zone of the workpiece near the tool. €, is the
volume fraction of each phase. p; is the density of i phase. y;
is the non-Newtonian viscosity of i phase. k; is the thermal
conductivity of i phase. Cp, is the specific heat of i phase.

3.3 Calculation zones and boundary conditions

Considering the weld tool and dissimilar properties of 6061
aluminum alloy and 304 stainless steel, the calculation zones
should be set carefully. In this study, the whole domain is
divided into four calculation zones including steel zone, alu-
minum zone, weld tool head zone, and weld tool pin zone
as shown in Fig. 2.

Nigh kinds of boundaries corresponding with each calcula-
tion zone are listed in Table 2. In this model, material flows
into and out the computational domain through the‘inlet’ and
‘outlet’ boundary with same traverse speed in the experiment.
The translational momentum boundary indicates the surface
moves with same speed corresponding to the weld param-
eters list in Table 1, so as well as the rotational momentum

Fig.2 Schematic of the calcula-
tion zones and boundary posi-
tions consisting of weld tool and

boundary. In terms to the thermal boundary conditions, the
type of ‘Inlet’ and ‘Outlet’ is temperature which equal to the
ambient temperature 300 K. The heat transfer is convection at
the ‘top surface’, ‘back surface’, and ‘side surface’, the corre-
sponding heat transfer coefficient are estimated as 30 W/m*-K
[29], 800 W/m?-K [30], and 800 W/m>-K [30] respectively.
Frictional heat will be generated on the ‘shoulder interface’,
‘pin interface’, and ‘pin bottom’ boundaries, the calculation
equations will be given in the section of heat generation. No
heat generation is assumed at the ‘tool head side’ boundary, so
the heat flux is set as 0 W/m?.

Figure 3 shows the mesh of the geometry model. The
model contains 128,667 mixed cells of steel zone, 128,673
mixed cells of aluminum zone, 4600 hexahedral cells of weld
tool head zone, and 468 hexahedral cells of weld tool pin
zone. In order to obtain the accurate distribution of heat flux
and reduce the calculation time, a smaller mesh size is applied
in the vicinity of the welding tool and the mesh size gradually
increases with increasement of the radial distance. The maxi-
mum and minimum volume of hexahedral cells in the model
are 2.21x 107 m® and 1.82x 107! m® respectively.

Weld tool head zone

workpiece
Inlet
Z
Y
R
48
RN
S
Outlet o
Q'b
Table 2 Boundary conditions in Boundary Type Momentum Thermal
the models
Inlet Velocity inlet Translational Temperature (300 K)
Outlet Velocity outlet Translational Temperature (300 K)
Top surface Wall (no slip) Translational Convection (30 W/m?-K)
Back surface Wall (no slip) Translational Convection (800 W/m?-K)
Side surface Wall (no slip) Translational Convection (800 W/m?-K)
Shoulder interface Wall (no slip) Rotational Coupled (heat generation)
Pin interface Wall (no slip) Rotational Coupled (heat generation)
Pin bottom Wall (no slip) Rotational Coupled (heat generation)
Tool head side Wall (no slip) Rotational Heat flux (0 W/m?)
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Fig.3 The mesh of aluminum- z
steel joint and weld tool

Table 3 Thermophysical parameters of 304 stainless steel, 6061 alu-
minum alloy and H13 steel [31, 32]

Properties 304 6061 H13
Density (kg/m?) 7800 2705 7800
Specific heat (J/kg-K) 520 850 734.3
Thermal conductivity (W/m—K) 24 210 30.4

3.4 Material thermophysical parameters

The materials of joint and weld tool are dissimilar mate-
rial, so the thermophysical parameters should be loaded to
the corresponding calculation zone. The thermophysical
parameters of the alloys are provided in Table 3 [31, 32].

The viscosity is important for material flow and heat gen-
eration, so it is determined by the below formula based on
the theory of visco-plasticity [33]:

ey ®)

where o is flow stress of the workpiece and € is the effective
strain rate, which is defined by

. 2. .
E = 561‘]6!] (9)

where €; is the strain rate tensor given by

.10 + v
&5 = 2 6xj ox; (10)

1

Weld tool

Aluminum

The detail calculation of strain rate can be found in
Appendix A of reference [34].

Flow stress of the workpiece is considered to be temper-
ature and strain rate dependent and can be obtained through
formula (7-8) [35]:

@@ W

Z= éexp<R—QT> 12)

where 7T is temperature obtained from energy Eq. (3), A (s71)
and n are material constants, Q is the thermal deformation
activation energy, R is the ideal gas constant. These param-
eters can be found in the Table 3 of literature [36].

3.5 Heat generation

The heat generation during FSW is consists of plastic
deformation and the friction at the welding tool/workpiece
interface. The plastic deformation heat is taken into source
item S, in energy Eq. (3), which is defined by

S, =K-o-¢ (13)

where K=0.6 [3] is the mechanical efficiency.

The heat generated at the welding tool/workpiece inter-
face is set in the boundary conditions. The interfacial friction
heat is given as follows:
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Fig.4 The temperature field in the weld tool at traverse speed 40 mm/min

a5 = nIF NVl (14)
where 7 is the ratio of the heat absorbed by the workpiece,
which is 0.6 for aluminum alloy and 0.4 for stainless steel,;
7; is the frictional tangential force and V_W; is the relative
velocity between the welding tool and the workpiece. The
magnitude of these vectors can be calculated from the refer-
ence [37]. It should be note that the thermal boundary con-
dition type of the tool/workpiece interface is couple, which
assumed heat continuously transfer between the different
calculation zones through a very thin wall. The thickness of
thin wall in this study is set as 0.01 mm, and the heat genera-
tion rate is given as follows:

0=2 (15)
where O, (W/m?) is the heat generation rate at the welding
tool/workpiece interface, a (m) is the thickness of thin wall.
4 Results and discussion

4.1 Predicted the temperature and material flow
Figure 4 shows the asymmetric temperature field due to the

different thermophysical properties of dissimilar materials
at the shoulder interface. Because stainless steel at AS has
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Fig.5 The temperature field in the workpiece at traverse speed 40 mm/min

much lower thermal conductivity, the temperature signifi-
cantly decreases with radius, which indicates larger inhomo-
geneity of temperature field at AS. In contrast, the aluminum

Weld tool head

z (LTI
Y S======t
N
B%;: ==
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Workpiece

Fig.6 The material flow in the weld tool and workpiece at traverse speed
40 mm/min
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Fig.7 a The measured tempera-
ture field of test case 1. b Three
points ‘pl’, ‘p2’, and ‘p3’ are
selected to validate the model
by comparing calculated results
and measured results. ¢ The
distance of measured points in
the workpiece and weld tool

428.7

4mm

'

n@®
p1 @ 5=
/

Ao

465.9

Temperature (K)

alloy has higher thermal conductivity, so the smaller inho-
mogeneity of temperature field at RS is observed. Similarly,
the peak temperature of AS is above 520 K, which is about
100 K higher than that of RS. The inhomogeneity of tem-
perature field at pin interface is not so significant. The tem-
perature of weld tool head decreases with increasing length
along Z direction.

Figure 5 shows the temperature field in the workpiece. It is
found that the temperature field is corresponded with weld tool
due to the coupled boundary condition at the shoulder interface.
This indicates that the thickness of thin wall assumption works
in the Eq. (15). In the workpiece, it is observed that the tem-
perature field diffused at different velocity, which is measured
by diffusion coefficient A shown as below.

k

A=~
Cp

(16)

Substituting the thermal conductivity and specific heat
of stainless steel and aluminum alloy in the Table 3, the
thermal diffusion coefficient of stainless steel is 0.046

Table 4 Comparisons results between measured and calculated tem-
perature of three monitor points along the weld tool

Points Measured tem- Calculated tem- Relative error
perature (K) perature (K)

pl 492.3 446.2 9.4%

p2 475.1 435.6 8.3%

p3 439.4 406.3 7.5%

and aluminum alloy is 0.247. The diffusion coefficient
of aluminum alloy is about 5 times of stainless steel, so
the diffusion width of the temperature field on the RS is
much larger.

Figure 6 shows the material flow in the weld tool head
and workpiece. The weld tool head rotates without the
influence of the workpiece, so it has the maximum velocity,
which is same with rotated speed. Near the tool/workpiece
interface, the material flows slower than the weld tool. The
material flows slightly faster in RS due to the lower viscosity
of plastic aluminum alloy.

4.2 Validation the temperature filed
of aluminum-steel joint

The temperature during FSW process is measured by IR cam-
era. Figure 7 shows the measured temperature field of test
case 1, three points in the workpiece and weld tool head are
selected to validate the calculation accuracy of the model. The
locations of measured points are quantitative by distance from
the reference lines as shown in Fig. 7c, so the temperature can
be capture in experiments and numerical model.

The calculation temperature and relative error are list in
Table 4. It is found that the temperature decreases along
upward direction in weld tool, which is consistent with simu-
lation result. The relative error is smaller than 10%, which
indicates that the calculation accuracy is accepted. The rela-
tive error is higher near the shoulder interface due to the
complex thermo-mechanical processes.
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Fig.8 Microstructures of
aluminum-steel joint for the dif-
ferent traverse speed. a Traverse
speed 60 mm/min. b Traverse
speed 80 mm/min. ¢ SEM
analysis of interface zone from
a. d SEM analysis of interface
zone from b

Fig.9 The measured tempera-
ture field distribution during
FSW by the IR camera. ‘TS’
means the different traverse
speed. a At traverse speed

50 mm/min, b at traverse speed
60 mm/min, c at traverse speed
70 mm/min, d at traverse speed
80 mm/min

sﬂash

Flash

The thermal cycle curve plays an important role in deter-
mining weld joint microstructure, properties, and perfor-
mance. According to Zener-Hollomon equation related to
the temperature and strain rate during different weld pro-
cess, Bagheri et al. [38] found that the weld region grains for
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TS=50 mm/min

TS=60 mm/min

TS=70 mm/min TS=80 mm/min

FSVW were finer compared with those for FSW of AA6061-
T6 joints. Abdollahzadeh et al. [39] found that a refined
microstructure in the stir zone can be observed by performing
underwater friction stir welding, which significantly decreased
the joint temperature of AA6061-T6 alloys. In this study, the
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Fig. 10 Comparison between 450 - 450 -
the calculated and the experi- Experiment @ Experiment
Calculation Calculation
mentally measured thermal
cycles at different traverse TS=50 mm/min ¥ TS=60 mm/min
speed. a At traverse speed !“400 - 6400 3
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peak temperature and cooling rate is controlled by the traverse Based on data in Table 5, the calculation peak temperature

speed. The microstructure evolution of aluminum-steel jointat  is slightly lower than experiment at corresponding traverse
different traverse speed is shown in Fig. 8. The grains in 304  speed. However, the calculation peak temperature is much
stainless steel side were finer and the plastic flow was stronger ~ higher in the model without weld tool. For test case 3, the cal-
at 80 mm/min traverse speed compared with those at 60 mm/  culation peak temperature can be 490.4 K and the relative error
min traverse speed. The reason may be that the stronger plastic ~ can be 11.4%. The heating rate of calculation thermal cycle is
flow at 80 mm/min traverse speed led to the lower peak tem-  slightly delay during heat stage. The cooling rate of calculation
perature, according to Zener-Hollomon equation, the grainis  is better matching with experiments. It seems that the rela-
finer. The stronger plastic flow at 80 mm/min traverse speed  tive error of cooling stage increases with traverse speed. The

also led to faster cooling rate, it may cause the thinner thick-  agreement of the calculated temperature at measured points
ness of IMCs at the interface between aluminum and steel, as ~ (Table 4), as well as agreement of thermal cycles for vari-
shown in Fig. 8c, d. ous traverse speed (Fig. 10) with corresponding experimental

Figure 9 shows the measured points at different traverse  data provides confidence in using the model to investigate the
speed are captured by IR camera. Because the relative error  effects of weld tool on temperature field.
near the shoulder interface is higher, the measured point is set
as 10 mm distance from th.e]().lnt center. At the end .Of FSW, the Table 5 Comparisons results between measured and calculated peak
temperature of weld tool is higher than the workpiece and the  temperature of different traverse speed
flash is also observed. Although, the temperature of flash can be

. & p . . . Traverse Measured peak  Calculated peak  Relative error

me.aspred by IR camera, it cannot be considered in this model. speed (mm/  temperature (K)  temperature (K)
This is one of the error sources of thermal cycle calculation. min)

Since the quasi-steady state assumption is adopted in

this model, the thermal cycle can be calculated based on :g jfé? j:;; 113
the Eq. (16) in reference [40]. The comparison results ‘ ' o
. . P 60 440.4 430.1 2.3%

between experiment and calculation are shown in Fig. 10.
70 434.2 425.6 2.0%

The peak temperature can be extracted from thermal cycle
80 4259 418.2 1.8%

curve and presented in Table 5.
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Temperature, K
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Fig. 11 Comparison temperature field on YZ cross sections between the model without weld tool and the model with weld tool at the corre-
sponding traverse speed. a At traverse speed 40 mm/min, b at traverse speed, 50 mm/min, ¢ at traverse speed 70 mm/min

4.3 Comparison analysis of the effects of welding
tool

Figure 11 shows the comparison results of YZ cross sections
between the model without weld tool and the model with
weld tool. The temperature in AS and RS is quite differ-
ent due to the dissimilar material. Because much more heat
will transfer in the weld tool, it is obviously observed that

@ Springer

much less heat accumulated at AS in the model with weld
tool. As the traverse speed increases, the temperature obvi-
ously decreases in the model with weld tool, but it slightly
decreases in the model without weld tool. It indicates that
the model with weld tool fits the experiment results better.
Figure 12 shows the comparison results of XY cross sec-
tions between the model without weld tool and the model
with weld tool. It is observed that the higher temperature
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Temperature, K
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Fig. 12 Comparison temperature field on XY cross sections between the model without weld tool and the model with weld tool at the corre-
sponding traverse speed. a At traverse speed 40 mm/min, b at traverse speed 50 mm/min, c at traverse speed 70 mm/min

zone is larger at AS in the model without weld tool. In con-
trasts, the temperature gradient is lower in the model with
weld tool. This is because the weld tool can also transfer
heat, it reduces the temperature difference between AS and
RS. The maximum temperature difference between AS and
RS can be above 200 K in the model without weld tool,
but this temperature difference is about 150 K in the model
with weld tool. It indicates that the smaller inhomogeneity
of temperature field is obtained by employing the model
with weld tool.

The temperature gradient is also different between AS
and RS due to the dissimilar aluminum-steel joint. Fig-
ure 13 shows the temperature gradient varied with traverse
speed at AS and RS. If the traverse speed is same, the
temperature gradient is about 30 K/mm larger at AS than
that at RS. In additions, the temperature gradient is about
20 K/mm larger at AS and 5 K/mm larger at RS in the
model without weld tool. As the traverse speed increases,
the temperature gradient both decreases in the model with-
out weld tool and the model with weld tool.
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Fig. 13 Temperature gradient varied with traverse speed between
the model without weld tool and the model with weld tool. a At
AS, where ‘AS-With’ means the model with weld tool at AS, ‘AS-
Without” means the model without weld tool, b at RS, where ‘RS-

With’ means the model with weld tool at RS, ‘RS-Without” means the
model without weld tool. ‘TS’ indicates traverse speed and ‘G’ indi-
cates the temperature gradient
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Fig. 14 The macrostructure of aluminum-steel joint at corresponding traverse speed a 50 mm/min, b 70 mm/min. The calculated viscosity near

the pin at corresponding traverse speed, ¢ 50 mm/min, d 70 mm/min

The large temperature difference and temperature gra-
dient at AS and RS determine the relationship between
macrostructure and viscosity. Figure 14 shows the mac-
rostructure and viscosity near the pin at two different
traverse speed level. It is observed that the material is

@ Springer

insufficient stirring at RS due to the different material vis-
cosity. Although this kind of defect cannot be simulated
in this model, the model can provide calculated viscos-
ity based on the temperature field as shown in Fig. 11.
Since the significant inhomogeneity of temperature field
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for aluminum-steel joint, the steel and aluminum viscosity
can differ by an order of magnitude. As the traverse speed
increases, the peak temperature and temperature difference
between AS and RS decreased, so the plastic zones shrink
at 70 mm/min traverse speed as shown in Fig. 14d.

5 Conclusions

In this paper, a novel CFD model with weld tool is devel-
oped to investigate the effects of weld tool on the aluminum-
steel joint. The following conclusions could be obtained:

(1) The calculated temperature and thermal cycles for vari-
ous traverse speed agreed well with the corresponding
IR experimental results. The relative error of monitor
points is smaller than 10%, which indicates that the
calculation accuracy is accepted.

(2) The model with weld tool can decrease the relative
error of peak temperature. Based on Table 5, the calcu-
lated peak temperature is about 10 K lower than meas-
ured peak temperature and the relative error is 2.3%,
while it is 11.4% for the model without weld tool.

(3) The model with weld tool decreases the temperature
gradient for aluminum-steel joint to provide the more
accurate prediction results. The calculated tempera-
ture gradient with weld tool is about 20 K/mm lower
at AS and 5 K/mm lower at RS than those in the
model without weld tool.

(4) The model with weld tool decreases the inhomogene-
ity of temperature field. The maximum temperature
difference between AS and RS can be above 200 K
in the model without weld tool, but this temperature
difference is about 150 K in the model with weld tool.

(5) SEM analysis of the interface between aluminum and
steel showed that the thickness of IMCs may decrease
with traverse speed. The model with weld tool can pro-
vide calculated viscosity based on temperature field to
analyze the insufficient stirring defect.
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