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Abstract

A 3D Eulerian numerical model was developed to investigate the effect of micro-swing on joint formation during
workpiece oscillation in linear friction welding (LFW). The temperature field and axial shortening history for different
amplitudes of micro-swing have been studied. Results show that the amplitude of micro-swing influences flash
morphology and axial shortening. The micro-swing contributes to the extrusion of viscoplastic metal and the formation of
flash during the LFW process. Flash volume and axial shortening increase as the amplitude of micro-swing becomes
larger. When the amplitude of micro-swing is more than a critical value, a sudden change of axial shortening (different
from the period of the oscillation cycle) would occur at certain welding time, which change would also have a periodic
nature. Although different amplitudes of micro-swing affect joint morphology, the inner temperature field and the highest
temperature of joints remain constant. The high temperature region inside the joints remains about the same, when the
amplitude of micro-swing is constant. This indicates that the heat generated through plastic deformation could maintain

the welding process, and so that the welding process would enter the equilibrium phase.
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1. Introduction

Linear Friction welding (LFW) is a solid-state process for
joining materials together through intimate contact of a
plasticised interface, which is generated by frictional heat
produced as one component is moved under pressure in a
direct reciprocating mode relative to another. Compared to
traditional rotary friction welding (RFW) [1] and innovative
friction stir welding (FSW) [2-5], LFW is mainly used to
weld non-axisymmetric components. LFW has been used to
weld titanium alloys, nickel-based superalloys, steels, Al
alloys, and dissimilar alloys [6]. As a key manufacturing
technology, LFW is being used to produce aeroengine blisks
(bladed integrated disk) [7].

According to the analysis of the microstructure evolution
of LFW joints [8-10], LFW has four distinct phases which
include the initial phase, transition phase, equilibrium phase
and deceleration (or forging) phase. The initial phase and
transition phase last normally less than 1s. Their impact on
the welding process is usually ignored by researchers.
During a recent LFW experiment, however, it was identified
through high-speed photography that the oscillatoring
specimen does not move rigidly in the oscillation direction,
but has a micro-swing relative to the oscillation plane, as
shown in Fig. 1.

In addition, LFW is a complicated and strongly thermo-
mechanically coupled physical process. It is very difficult to
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study its nature merely by welding experiments. Therefore,
the finite element method is used to investigate the effect of
micro-swing on the LFW process.

Up to now, different researchers [11-20] have built 2D or
3D thermo-mechanically coupled models in the Lagrangian
frame using commercial software like DEFORM, ABAQUS,
ANSYS or FORGE. The predicted temperature and axial
shortening under certain welding conditions were
comparable to experiments, but excessive element distortion
and flash formation cannot be resolved effectively for a
numerical solution. One measure to cope with excessive
element distortion in ABAQUS is Arbitrary Lagrangian
Eulerian (ALE) adaptive mesh controls [11], but the ability
of this method to handle 3D large deformation problems is
limited. Therefore, the Eulerian algorithm is commonly used
in cases where extensive deformation has occurred, which
divides the space into fixed meshes, and materials flow in
the meshes. In this study, the Eulerian method is for the first
time used to model the LFW process.
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Fig. 1. Movement of the oscillating workpiece (a), ideally without (b,c)
and in reality with (e-h) micro-swing.
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2. Numerical analysis

2.1 Finite element model
Considering the local large deformation during the LFW
process, a 3D Eulerian model of LFW was developed using
ABAQUS as shown in Fig. 2 (the surrounding void material
has been hidden to visualize components). The workpiece
was simplified as a single part, instead of two workpieces as
has been used by Turner et al [21]. It had a length of 18mm,
width of 10mm and height of 60mm. The mesh size of
workpiece was 0.8mm. The mesh was created with 8-node
thermomechanically coupled linear Eulerian brick elements
with reduced integration and hourglass control. The
ABAQUS/Explicit package was used to model the welding
phase (extrusion stage) of LFW.

The welding process parameters used in the model are
based on previous experiments, with the oscillation
frequency, amplitude of oscillation and friction pressure
being 35Hz, 3.5mm and 60MPa, respectively. The welding
time is tentatively set as 1s for saving computer time, while
in some cases is longer. To simplify the calculation, the
workpiece was assumed to have reached the equilibrium
phase with a predefined temperature distribution as used by
Turner et al [21]. The initial temperature of the specimen
(Fig. 2) based on the simulated temperature field of the
equilibrium phase [11, 12] is as follows:
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where y is the distance from the welding interface in the
axial shortening direction. The highest temperature at the
interface is 1225°C and the surrounding temperature is
25°C. Thermal conduction within the workpiece was
assumed
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Fig. 2. Finite element model with boundary and initial conditions.

2.2 Material properties
The material studied in this work is the Ti6Al4V titanium
alloy, the most commonly used titanium alloy in aerospace
industry. The density, Young’s modulus and Poisson's ratio
of Ti64 are 4340kg/m’, 114GPa and 0.34, respectively [11].
The temperature-dependent conductivity and specific heat of
Ti64 used in the model were taken from literature [11]. The
dependence of material flow stress on temperature, strain
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and strain rate is essential for the accurate modeling of the
LFW process, thus the material flow stress (c) was described
by the Johnson-Cook plasticity model, which accounts for
strain hardening, strain rate hardening and thermal softening
effects [11]:
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, and ép are the effective plastic strain and

effective plastic strain rate, respectively, €, is the reference

strain rate (here is 1.0), T, is the reference temperature, 7,, is
the melting point, A, B, n, C and m are material dependent
constants, which are 418.4MPa, 394.4MPa, 0.47, 0.035
and 1, respectively [11].

2.3 Micro-swing

The welded specimens were only allowed to move in the
axial direction and oscillation direction in the previous
models. But during the LFW experiment, the oscillating
specimen can be observed to micro-swing when studied with
high-speed photography. In order to study the effect of
micro-swing, this work applied different amplitudes of
micro-swing (according to the observations of the high-
speed photography) to the oscillatory specimen in the above
model (as listed in Table 1), condition A is for the
simulation model without micro-swing. Positive values for
micro-swing are shown in Fig.1 (e, f) and negative values
for micro-swing are shown in Fig.1 (g, h).

Table 1. Micro-swing of amplitude in the model.

Condition No. A B C D E F G
Amplitude 0° [ 03°] 05|07 |09 | -07 | -09°
of micro-swing

3. Results

3.1 Impact of micro-swing on flash formation of the
welds
The impact of different amplitudes of micro-swing on flash
formation of welds is shown in Fig. 3. During the LFW
process, the viscoplastic material at the interface is
continuously extruded under the simultaneous effect of
oscillation, axial extrusion and micro-swing. Therefore,
these three factors have a significant effect on temperature
distribution at the interface. The increase of micro-swing
leads to a higher temperature metal being extruded to form
the flash. Therefore, the area of high-temperature zone
increases with increasing the amplitude of micro-swing. Fig.
3 shows the appearance of weld and temperature field at
different micro-swings. As it can be seen in Fig. 3, with
increasing the amplitude of micro-swing, the flash volume is
growing.

Fig. 4 shows the inner temperature fields for different
micro-swings at ls. The parts of less than 800°C were
marked with the same color to clearly show temperature
distribution inside the joint. Although the different
amplitudes of micro-swing lead to the different weld
formation, but the inner temperature field remain about the
same.
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Fig. 3. Joint morphologies and temperatures for different micro-swings
at 1s: (a) 0, (b) 0.3°, (c) 0.5°, (d) 0.9°, (e) -0.7° and (f) -0.9°.
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Fig. 4. Inner temperature fields for different micro-swings at Is: (a)
0.3°, (b) 0.5°, (¢) 0.7°, (d) 0.9°, (e) -0.7° and (f) -0.9°.

3.2 Impact of micro-swing on temperature field history
Fig. 5 shows typical joint shapes and temperature
distributions at different welding times. Here, the amplitudes
of micro-swing are 0.7° and -0.7°. As time goes on into the
process, high temperature material was extruded to form the
flash and the high temperature region was also expanding.
During the LFW process, the bend direction of flash depends
on the sign of amplitude of the micro-swing. It is shown in
Fig. 3 (a-d) and Fig. 5 (a-c) that the flash bends to the
stationary part when the amplitude of micro-swing is
positive. When the amplitude of micro-swing is negative, the
bending direction of flash is shown in Fig. 3 (e,f) and Fig. 5

(d-f).

3.3 Impact of micro-swing on axial shortening

Fig. 7 shows the effect on axial shortening history for
different amplitudes of micro-swing. There is no continuous
axial shortening and there appears a short separation effect
when the micro-swing is set at 0o. In other words, when
there is an absence of micro-swing causes the LFW process
not to form a flash. Studying B, C, D and E cases, a certain
amount of axial shortening appears at the beginning of the
oscillation, then the LFW process reaches an equilibrium,
and the axial shortening curve is stepped. This shows that
the flash must be extruded during every oscillation cycle.
Furthermore, axial shortening of welded joints increases
with the amplitude of micro-swing. It is should be noted that
for case E, axial shortening increases faster at 0.8s, but in the
A-D cases axial shortening speed remains unchanged.
In the F and G cases, sudden changes (different from the
oscillation cycle) show in the curve of axial shortening
history.
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Fig. 5. Typical temperature fields at different welding times: (a) (d)
0.3s, (b) (e) 0.6s, (c) () Is.
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Fig. 6. Typical inner temperature fields at different welding times: (a)
(d) 0.3s, (b) (e) 0.6s, () (f) 1s.

4. Discussion

The high speed photography showed that micro-swing is
present during LFW. Possible effect of micro-swing on flash
formation and axial shortening is shown in Fig. 8. When the
amplitude of micro-swing is negative and the oscillating
sample moves to the left as shown in Fig. 8(a), the
viscoplastic metal at the welding interface is extruded into
the space between the two specimens and part of the
viscoplastic metal is extruded out of the welding interface to
form the flash. When the oscillating sample moves to the
right as shown in Fig. 8(b), the right edge of lower sample
digs into the non-oscillating sample under the axial load, at
the same time the viscoplastic metal between two specimens
is extruded as the angle decreases. When the amplitude of
micro-swing is positive and the oscillating sample moves to
the left as shown in Fig. 8(c), the viscoplastic metal at the
welding interface is extruded into the space between the two
specimens and part of the viscoplastic metal is extruded out
of the welding interface to become the flash at the right
edge. The welding interface moves under the simultaneous
action of oscillation, micro-swing and axial load during the
LFW process. These combined effects develop a digging-
like action of the viscoplastic material in the axial direction
and extruding it in the direction of vibration. The more
swinging the specimen, the stronger the extruding and
digging effects. This results in more high-temperature metal
being extruded and larger axial shortening. In future
research, the extrusion behavior of interfacial metal will be
explored through mechanical analysis and experiments.
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Fig. 8. Possible influence of micro-swing on flash formation and axial
shortening: (a, b) amplitude of micro-swing is negative, (c) amplitude of
micro-swing is positive.
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When the amplitude of micro-swing is 0.9°, the
viscoplastic metal extrudes too fast but heat is conducted
away too slowly. The extrusion is faster at 0.8s which is
possible due to the increase in thickness of the viscoplastic
metal layer of the joint resulting due to heat conduction
during 0.1s to 0.8s. When the thick viscoplastic metal layer
cannot withstand the axial load, it will be extruded quickly.
Similarly, for the same possible reason, when the amplitudes
of micro-swing are -0.7° and -0.9°, sudden changes of axial
shortening will show. In future research, we will build an
analytical model to analyze the heat conduction, and thus
verify the above inference.

5. Conclusions
The developed 3D numerical model was used to simulate

LFW of Ti6Al4V in different amplitudes of micro-swing,
and the following conclusions can be drawn:

(1) During LFW, different levels of micro-swing could
affect the flash formation, but the maximum interface
temperature of the joint remained around 1200°C and the
temperature distribution within the joint stay constant. That
means heat generated through plastic deformation could
maintain the welding process, and the welding process
would enter the equilibrium phase.

(2) In the absence of micro-swing, the LFW process
can not continuously form the flash. Micro-swing is
beneficial to the extrusion of plastic metal and the formation
of flash during LFW. The axial shortening of welded joints
increases with micro-swing.
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