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ABSTRACT

In this study, a 3D numerical model for linear friction welding (LFW) of a metastable beta titanium alloy
(Ti-8V-6Cr-4Mo-4Zr-3Al) with a rectangular cross-section was established and validated experimentally.
The effects of welding time and oscillatory direction on the thermal profiles, burn-off rates and subsequent
microstructures were investigated. The results showed that the interface temperature and width of the weld
center zone (WCZ) decreased when the oscillation along the short edge of rectangle compared to that
along the long edge. The temperature at the interface was quickly increased to 1000 °C at around 1s; and
after 2s, the maximum interface temperature could be over 1052°C and the LFW process reached a quasi-
steady state in which the plasticized metal was continuously extruded. With the increase of welding time,
the thickness of plasticized layer at the interface decreased, and the grain size in WCZ first increased and
then kept stable. The results confirm that the developed model is useful for welding design.

Keywords: linear friction welding; beta titanium alloy; finite element modeling; temperature field;
microstructure

INTRODUCTION

Linear friction welding (LFW) is an efficient manufacturing process which allows the solid-
state joining or coalescence of non-axisymmetrical metals using frictional heat generated
between two rubbing surfaces in a reciprocal motion [1-2]. One of the workpieces is held
stationary, and the other one oscillates linearly under compressive forces without external
heat and additional welding substance. Once sufficient heat has been generated, the relative
movement is stopped and a forging force is applied [3]. The benefits of LFW over
conventional welding methods are the absence of solidification defects, the ability of
welding dissimilar metallic materials, low consumption, automation, high reproducibility,
no production of fumes, short production time, and environmentally friendly [4-5]. It has
been applied in very interesting studies of the transportation and especially in aerospace
industries. For instance, a very successful application of the LFW process is regard to
building up and repairing of aeroengine blisks [6]. As for the LFW process, several
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materials are considered, such as steels [7], aluminum alloys [8-9], superalloys [10],
titanium alloys [11-12] and so on, but titanium alloys are the most concerned.

LFW is a complicated and strongly thermomechanically coupled physical process, and
it is very difficult to study its nature merely by welding experiments. With the development
of computer technology and numerical analysis, finite element modeling (FEM) has
become a powerful and reliable technique for understanding what is happening during the
rapidly evolving process [13-16]. For example, the previously developed models can
predict the temperature history [17], stress fields [18], and flash morphology [13] within
the welded parts. Different researchers have built two dimensional (2D) or three
dimensional (3D) thermomechanically coupled models in Lagrangian or arbitrary
Lagrangian—Eulerian (ALE) formulations using an implicit or explicit solver, and
commercial softwares like DEFORM [13, 19], ABAQUS [20, 21], ANSYS [17] or FORGE
[15] have been used. Grujicic et al. [22] developed the coupled thermo-mechanical 3D
model for Ti64 by ABAQUS, with the modified Johnson-Cook material model, and
calculated dynamic recrystallization from a custom material subroutine. Although there is
some improvement in the temperature field, the size of the mesh is somewhat bulky
compared with the workpiece size, so the flash morphology needs to be improved. The
majority of the investigations into the LFW process about modeling and experiments were
focused on characterizing the process inputs, namely the amplitude, frequency, applied
force and burn-off. The effects of the workpiece geometry are often neglected. To the
authors' knowledge, only a few journal publications specifically commented on the
geometric effects; and most of them used machine data recorded during welding which was
post-processed to determine the average heat flux over the initial phase. This was applied
to a thermal model to predict the temperature distribution. After this, the single-body
method was used to model the equilibrium phase and an inelastic heat fraction was specified
to represent the amount of mechanical work converted to heat. Schroerer et al. [19] and
McAndrew et al. [13] conducted the fully coupled thermo-mechanical analysis using the
single-body modeling approach while applying the plane-strain condition to the 2D model,
and experimentally validated 2D models were used to investigate the workpiece geometry
effects on the material flow. The 3D model was considered by Sorina-Miiller et al. [17] and
McAndrew et al. [23], respectively. They provided insight into the effects of the workpiece
geometry on the multi-directional material flow behavior of welds. Bilal Ahmad et al. [18]
explored the 2D model by ABAQUS to investigate the influence of the oscillation direction
on the residual stress.

The present paper reports on the development of a 3D LFW process model for joining
Ti-8V-6Cr-4Mo-4Zr-3Al titanium alloy. The purpose of the article is to compare with other
results and investigate the reasons why the workpiece geometry affects the process
behavior. Some experiments are also carried out to validate the accuracy of the latest
version of a process model.

MODELING OF LFW

GEOMETRY AND MESHING
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In order to build an efficient control method for LFW, a valid temperature prediction model
needs to be established and many basic mechanics of this process need to be understood.
The 2D models are unable to express the flash from different direction and temperature
field in the welding interface, thus the 3D model of the LFW process tested in this work
was created using the software ABAQUS. Samples of the same rectangular cross-section
but with two different oscillation directions (along long edge and short edge as shown in
Fig. 1a and 1b, respectively), were chosen for the analysis.

(a) (b)
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Fig. 1 Workpiece dimensions with different oscillatory lengths: (a) 20mm and (b) 12mm

The detailed 3D model is shown in Fig. 2. Since the deformation and heat flow are
considered to be approximately symmetric around the y-plane, only a half of the geometry
was included. Instead, a rigid body having the same width as the specimen was used to
model the welding interface and the friction process on account of a reasonable compromise
between the computation cost and accuracy. The deformed body was divided into two
regions, one region of 10mm containing the thermo-mechanically affected zone (TMAZ)
and weld center zone (WCZ), therefore characterized by a fine structured mesh (meshing
size of approximately 1mm) to predict the temperature accurately and another region of 50
mm with a coarse mesh to reduce the number of elements. The gradient meshes were
adopted in TMAZ considering the computation efficiency and accuracy, and the mass
scaling factor was set to 20000. The ALE adaptive meshing was adopted in the present
paper to maintain a high-quality mesh throughout an analysis, even when large
deformations occurred, by allowing the mesh to move independently of the material. The
ALE adaptive meshing was used with a remeshing frequency of 1 and remeshing sweeps
of 2 per increment. The meshing was conducted using the 8-node brick elements with
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coupled displacement and temperature, reduced integration, and hourglass control
(C3D8RT) which was based on thermo-mechanical coupling in the LFW process. The total
numbers of nodes and elements of the model were 24716 and 22215, respectively.

(a) (b)

constraint in
x-axis and
Z-axis

constraint ir
x-axis and
Z-axis

Pressure Pressure
Fig. 2 Sketch of the 3D FEM model under different vibration lengths: (a) 20mm and (b) 12mm

BOUNDARY CONDITIONS

In the initial step, a uniform temperature of 25°C was applied to both samples. The
temperature of the environment was also set to 25°C. As shown in Fig. 2, the lower 50mm
region was only allowed to move in Y direction while constrained in X and Z directions.
The rigid body was only allowed to move in X direction in a sinusoidal mode with a given
amplitude and frequency. The type of interaction of the rigid surface and the top surface of
the specimen was a surface-to-surface contact. In this study, the thermal radiation and
convection coefficients between the workpiece and surroundings were set to 30W/(m?-°C),
and the value of the contact thermal conductance between the workpiece and fixture was
1000W/(m?-°C). In the LFW process, the primary interaction occurs at the weld interface
between workpieces; however, a secondary concern is the possible contact of weld flash
with the sides of the body, here it was neglected. The interaction between the workpiece
and rigid body was implemented by using the surface-to-surface contact formulation
available in ABAQUS.

Due to difficulties in measurement of the friction coefficient, as evidenced by Vairis
[24], and lack of available data in the literature, the temperature-dependent values in this
study were hypothesized but in a reasonable range dependent on the interface temperature,
which is shown in Fig. 3.
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Fig. 3 Temperature dependent friction coefficient of Ti-8V-6Cr-4Mo-4Zr-3Al

One of the important challenges about FEM-based LFW simulations is modeling the
weld area because it needs a delicate compromise between accuracy and feasibility.
According to Vairis and Frost [25-27], LFW is typically divided into four stages: initial,
transition, equilibrium and deceleration (or forging) phases. Since the existing commercial
software packages are not capable of joining separate meshes as required for the LFW
process, the modeling was carried out for three distinct stages of process, dealing with (i)
initial, (i) transition, and (iii) equilibrium stages [26]. So the applied pressure was applied
on the bottom surface of the deformed body during the welding process. The welding
parameters, such as friction pressure, oscillation frequency, amplitude and welding time,
are listed in Table 1.

Table 1 Selected values for processing parameters

Pressure (MPa) Frequency (Hz) Amplitude (mm) Welding time (s)

70 25 2 4

MATERIAL

The welds were performed on the forged Ti-8V-6Cr-4Mo-4Zr-3Al titanium alloy
(nominal chemical composition is given in Table 2). To solve transient thermal problem, it
is necessary to define thermal behavior of material; that is identified by specifying thermal
conductivity and specific heat as temperature dependent. Since there is no available reports,
these material properties were obtained by software JMatPro, as shown in Fig. 4.
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Table 2 Nominal chemical composition of Ti-8V-6Cr-4Mo-4Zr-3 Al titanium alloy

Al v Cr Mo Zr Fe
3.0~4.0 7.5~8.5 5.5~6.5 3.5~4.5 3.5~4.5 <0.3
Si C N H (@) Ti
<0.10 <0.05 <0.03 <0.015 <0.12 Bal.
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Fig. 4 Thermal conductivity and specific heat of Ti-8V-6Cr-4Mo-4Zr-3Al as temperature
dependent

The constitutive behavior of materials is usually expressed by a nonlinear equation,
which is a relationship among flow stress, strain, strain rate and temperature. The inelastic

behavior of the investigated alloy is assumed to be described by Johnson—Cook (JC)
constitutive material model as follows [28]

o =(A+Be})[1+ Cln(¢)][1— (TH™] (1)

where o is the flow stress. A and B are the strain hardening parameters; C is a
dimensionless strain rate strengthening coefficient; n and m are power exponents of the
strain hardening and thermal softening terms; ¢, is the effective plastic strain. € is
calculated by the expression £* = &,/&,. &, is the effective plastic strain rate. &, is the
reference plastic strain rate. &, is normally selected as 1 S*'. T* is a homologous
temperature, which is expressed by the expression T* = (T —T,)/(Ty, — T;-). T;- and T,
are the reference temperature and the melting point, respectively. The room temperature
was set as 25°C. The melting temperature was set as 1220°C. The JC material model
parameters for Ti-8V-6Cr-4Mo-4Zr-3Al (A = 436.14 MPa, B = 90 MPa, n = 048, C =

0.552, m = 1.05, &, = 1 S') were taken from our previous research for hot deformation
behaviors.
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EXPERIMENTAL PROCEDURE

The experimental Ti-8V-6Cr-4Mo-4Zr-3Al workpieces dimensions used in this study are
also displayed in Fig. 1. It is a kind of metastable beta titanium alloy, which consists of
equiaxed beta grains, as shown in Fig. 5. The welding equipment used was the XMH-250
LFW machine developed in house by Northwestern Polytechnical University. The
experimental conditions investigated in this work are displayed in Table 1. To investigate
the correlation between microstructure change and temperature field during LFW, the LFW
machine was stopped during the process cycle at specified times (1, 2 and 4 s) for the

dimension of 20mmx 12mmx 60mm.

Fig. 5 Microstructure of the Ti-8V-6Cr-4Mo-4Zr-3 Al base metal: (a) OM and (b) SEM

Metallographic specimens were produced from the experiments, and they were sectioned
and polished so that the center of the weld may be viewed in-plane to the direction of
oscillation. The sectioned samples were mounted and then ground using 600, 1000, 2000
and 3000 silicon carbide grit papers. After grinding, the sectioned samples were polished
using colloidal silica on a micro-cloth and etched using a solvent of 0.5 mL HF, 1.5 mL
HNO3, 2 mL HCI and 96 mL distilled water. The metallographic samples were viewed

under the optical microscope (OM) (OLYMPUS PMG3) to investigate the microstructure.
RESULT AND DISCUSSION

MODEL VERIFICATION

Fig. 6 shows the comparisons between simulated and experimental burn-off. It can be seen
that there are some deviations between the experimental axial shortening values and
simulation results. The changing trend of the two curves is consistent basically. The
computed burn-off generally deviates less than 5% (in some rare instances up to 15%) from
the experiment. The initial time that the two samples came into contact with each other is
difficult to determine because the workpieces are not smooth entirely in the fact, but initial
phase is neglected in the simulation. Therefore, burn-off increases persistently in the dash
line curve.
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Fig. 6 Calculated and experimental burn-off as a function of process time for 20mm of
oscillatory direction

The result shows that the numerical model and the calculation method for deformation
of material are proper and could be applied in further investigations.

TEMPERATURE FIELD

All simulations are carried out with the same initial and boundary conditions. Typical
temperature distributions are shown in Fig. 7. When the welding process is finished, the
interface is covered by high temperature metal, and flash is cooler than the interface. Fig. 8
shows the temperature distribution at the center vertical to the y axis. For an identical
combination of process inputs, the models shows that the extent of the TMAZ decreases
when the workpieces are oscillated along the shorter of the two interface contact
dimensions, i.e. the 12mm dimension. This is because the material farther back from the
interface was is much cooler in this weld. When this cooler material reaches the weld
interface, it effectively cools the weld, producing a lower interface temperature (Fig.7),
which is in agreement with the results of McAndrew et al. [13] and Schroeder et al. [19].
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Fig. 7 Temperature distribution in the rubbing interface when welding is finished: (a) the
oscillation in the 20mm edge and (b) the oscillation in the 12mm edge
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Fig. 8 Thermal gradient recorded from the model: (a) data output from the model middle and
(b) the temperature gradient at different welding times

The calculated temperature evolution at the center point is shown in Fig. 9. The
temperature of interface center rises to 1000°C within 1s rapidly, and after 2s, the maximum
interface temperature could be over 1050°C. For the long oscillatory length, i.e. 20mm, the
temperature rises more rapidly at first, temperature rise rate is larger, and the time to reach
the quasi-steady state is shorter. This is because that when a certain amplitude is applied,
the long oscillatory length has less un-contact area between two workpieces, which leads
to effective heat input increased, and interface temperature rises faster. Under the chosen
welding conditions and geometries, it can be concluded from the calculations that no liquid
phase exists during the welding process.
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Fig. 9 The calculated temperature evolution in the interface under two oscillation directions

BURN-OFF HISTORY

The time-dependent burn-off processes are shown in Fig. 10. Within the beginning 1.5 s,
the burn-off is very small, the reason is that during this period, welding has not reached the
quasi-steady state, and the temperature distribution of the interface is non-uniform, thus a
few high temperature material cannot be expelled sufficiently. As friction continuing, the
quasi-steady state is reached, thus the plasticity of interface material increases, then a layer
of plastic metal at interface generates. Accordingly, the high-temperature plastic metal of
the interface is extruded continuously to form flash, leading to burn-off to increase
gradually. The burn-off rate is affected by the oscillatory length. Decreasing the oscillatory
length of the workpiece caused the burn-off rate to increase, because the material at the
WCZ has to be transported further to be extruded in the oscillation direction, and a reduction
of the vibratory width removes a higher percentage of the total interface material with each
cycle of oscillation before the steady state.

10
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Fig. 10 Calculated axial shortening (burn-off) for different oscillatory lengths

MICROSTRUCTURE ANALYSIS

The typical microstructures of LFWed Ti-8V-6Cr-4Mo-4Zr-3Al joint is shown in Fig. 11.
There are fine equiaxed B phase grains in the WCZ (see Fig. 11b) with a size of 10-20um,
and the structure is not continuous. The welding process is characterized by severe plastic
deformation, followed by fast cooling to room temperature. Moreover, the dynamic
recrystallization can occur under the high temperature and the deformation, but short
heating time restricts the grain growth. Further away from the weld line (starting from about
80um, Fig. 11c), the microstructure shows evidence of severe plastic deformation during
the welding process on both sides of the weld line, which is called TMAZ. The original
grains are deformed heavily and re-oriented during the welding process in the direction of
the friction motion and thus along the direction of material flow. The microstructure in the
WCZ is different from that of the biphasic titanium alloy like Ti-6Al-4V, where is no

martensite [29]. As o phase is little, only dynamic recrystallization occurs without phase

transformation, and the microstructure is similar to that of the high-temperature superalloy
[30].

11
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Fig. 11 Typical microstructure of the LFWed Ti-8V-6Cr-4Mo-4Zr-3Al joint: (a)
microstructure vertical to oscillatory direction, (b) high magnification of WCZ and (c) TMAZ

The cross-sectional microstructures under different welding times along the 20mm-
oscillatory direction are shown in Fig. 12. When the welding time is 1s, the width of the
WCZ is 555um. As the welding goes on (about 2s), the width begins to decrease (233um),
and finally the width tends to be stable (246pum). Because the friction time is short, high-
temperature region is small (Fig. 8), and heat input is insufficient to make thermoplastic
metal cover the interface completely, thus only parts of the interface have been combined
(see Fig. 12a), and a few of flash has been extruded. The accumulated heat is not taken
away through the small flash, and could only be conducted along the vertical direction of
the interface to the base metal. Therefore, the width of this weld is wider. As friction goes
on, the welding process turns into the equilibrium stage, because heat accumulates
progressively, thermoplastic metal of the interface continues to increase, then covers the
entire interface completely, and is expelled from the interface to form a continuous, closed
flash, finally, the width of welds decreases (see Fig. 12b). After the equilibrium stage is
reached, the amount of the flash tends to be stable, and the WCZ width does not change,
just like Fig. 12c.

12
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welding time: 1s

welding time: 2s

A 2
welding time: 4s
Fig. 12 Overall views of linear friction welded Ti-8V-6Cr-4Mo-4Zr-3Al joints at different
friction times: (a) 1s, (b) 2s, and (c) 4s

Fig. 13 is the microstructure of WCZ for different oscillatory directions. It figures that
for the same combination of process inputs, the width of the WCZ appeared much narrower
(about 200um) that is produced with smaller oscillatory width (compare Fig. 13a and 13b),
which is in agreement with Karadge et al. [9]. And the experimental values are consistent
with the models (Fig. 8). The smaller oscillatory width has a greater burn-off rate, so the
temperature gradient vertical to the friction direction is greater, and the deformed area is
smaller.

13
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CONCLUSIONS

The primary conclusions from this work are as follows:

The 3D model predicts fairly well the LFW process compared to experimental
results for the conditions investigated here.

During the LFW process, the temperature in WCZ rises rapidly within 1s to about
1000 °C, high temperature area mainly concentrates in the center of interface. With
welding continuing, high temperature area increases further, a large amount of the
plastic metal is extruded to form larger flash. There are fine P phase grains instead
of martensite in the WCZ.

A reduction of the oscillatory width increases the steady-state burn-off rate.
Furthermore, a reduction of the oscillatory width decreases the interface
temperature, but increases the burn-off.

Burn-off increases with the extension of the friction time, but the plastic metal
layer thickness decreases at first and tends to be stable finally.
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