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Linear friction welding of Ti–6Al–4V: Modelling and validation
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Abstract

The linear friction welding (LFW) process – of the type required for the production of bladed discs for the next generation of civil
aero-engines – is modelled using numerical and analytical methods. For model validation and testing, experimental work is carried out
on the Ti–6Al–4V alloy using pilot-scale apparatus. Welds were instrumented with thermocouples to deduce the heat transfer effects pre-
valent in the process. The sensitivity of the measured rates of upset to the critical process variables – amplitude, frequency and the applied
pressure – is shown to be consistent with the predictions of the modelling. The flash produced is dependent upon the ratio of oscillation
amplitude to applied load; when this is large, a rippled morphology is produced. An analytical model of the process is proposed, in which
the rate of mechanical working is balanced against the enthalpy associated with flash formation; at steady state, the temperature is pre-
dicted to decrease exponentially with distance in the heat-affected zone (HAZ), and the temperature gradient in the HAZ to increase as
the upset rate increases, consistent with observation. By consideration of the form of the analytical model and the processes occurring
during LFW it is suggested that, for a given upset rate, the weld temperature decreases as the pressure increases. Analysis of the exper-
imental data indicates that the efficiency of adiabatic heating is close to 100%.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Linear friction welding (LFW) is a process which – if
successfully implemented in the gas turbine industry –
would enable the weight of modern aero-engines to be
reduced significantly, with concomitant benefits in terms
of performance, fuel economy and CO2 emissions [1]. This
is due to its use for the production of integrally bladed
discs, which are known colloquially as blisks [2,3]. Blisks
offer a significant advantage over conventional disc/blade
arrangements which are reliant on mechanical fixturing
and dovetail joints (see Fig. 1). Currently, the LFW process
is the most attractive one for blisk production. Whilst
machining a blisk from a single forging is more practical
and more cost-efficient for smaller gas turbines, for the lar-
ger ones required for large civil aero-engines – which are
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typically manufactured from a high-strength titanium alloy
such as Ti–6Al–4V [4–6] – the blades are large so that
machining of blisks from solid forgings produces consider-
able material waste. In these circumstances, it is cost-effi-
cient to fabricate the blade and disc separately, and then
join them using the LFW process.

In this paper, modelling of the LFW of Ti–6Al–4V is
carried out. Since LFW is a relatively new process which
has not yet been adopted as widely as it might be in the
future [1], validated models will prove useful for the pur-
poses of analysis but also to aid in the identification of
optimal values of the process variables. Moreover, since
many aspects of LFW are not amenable to direct measure-
ment during the process – partly on account of the signifi-
cant strain rates incurred and its speed – modelling
represents the only pragmatic way to make estimates of
the behaviour of the material during joining. So far, very
little work has been reported on the modelling of the
LFW process. The modelling described here is used to
rights reserved.
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Fig. 1. Illustration of (a) conventional bladed disc, and (b) bladed disc
(blisk), the implementation of which leads to a 30% weight saving and
improvements in aerodynamic efficiency.
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predict factors such as thermal profiles, flash formation,
and strains and strain rates experienced within the joint
and the surrounding parent material. Experimental data
gained from welding trials are used for the purposes of test-
ing the predictions.

2. Background

To place some aspects of the research in context and
because LFW is a relatively new process for which the ter-
minology is not yet well established, some background
information is now presented. Note that it is not our inten-
tion here to cover other related (but different) processes
such as inertia or friction stir welding – for which a number
of excellent papers and overview articles may be readily
found [e.g. 7–9].

Although one continuous process in practice, several
distinct phases are known to play a role in LFW. These
are referred to in the literature as the initial phase, the tran-
sition phase, the equilibrium phase and the deceleration
phase [e.g. 10–12]. In the initial phase, the two surfaces
are brought into contact under pressure and linear oscilla-
tion of one component commences. Asperity wear causes
significant localized frictional heating, but no axial short-
ening of the components is produced. The heat generated
is greater than that being lost via conduction/radiation so
that thermal softening occurs; thus the contact area
Please cite this article in press as: Turner R et al. Linear friction weld
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between the two components increases. However, there is
no joint at this point: the two surfaces remain distinct. Next
– during the so-called transition phase – the heat-affected
zones (HAZs) expand significantly from the weld interface
into the components being joined. All asperities are
destroyed and the contact area increases markedly towards
100%. A soft layer is now present which is viscoplastic.
Collectively, the initial phase and the transition phase are
known as the conditioning of the weld. During the third
phase of the process – the equilibrium phase – the HAZ
expands as result of conduction away from the interface.
As the axial load is no longer supported across the inter-
face, the localized stresses at the interface combined with
the linear reciprocating action extrude the softened, plasti-
cized material from the interface layer. This creates a flash,
which is sometimes referred to as the burn-off. The expelled
material leads to axial shortening of the component.
Finally, in the fourth “deceleration” phase the two parts
are brought to rest very quickly, typically within the order
of 0.1 s; the forging pressure used to consolidate the joint is
allowed to remain for approximately 5–10 s after oscilla-
tion has stopped. In practice, precise control is necessary
at this point to ensure accurate alignment of the parts being
joined.

Since it is of such importance to the aero-engine indus-
try for the production of blisks, it is unsurprising that some
important papers have emerged in the literature concerning
the LFW process [e.g. 10–12]. For example, experimenta-
tion to establish the optimum weld parameter sets has been
reported [13,14], as have detailed microstructural studies
on the properties of the weld line [15,16] and texture devel-
opment [17,18]. Like most industrial processes, the litera-
ture emphasizes that the success and integrity of a linear
friction weld depends critically upon the choice of certain
key process parameters such as the frequency and ampli-
tude of oscillation; however, the manner in which the dif-
ferent parameters influence the process is not well
understood. The construction of models for the process
will help in this regard, but to the authors’ best knowledge
these do not exist as yet. This is the primary purpose of the
present work.

3. Description of the process model

A numerical model is developed in which the deforma-
tion expected during the process is simulated using the
finite element method (FEM). The titanium alloy Ti–6Al–
4V is considered. To test the predictions of the model, com-
parisons are made with measurements made using a LFW
machine. The model is developed within a commercial
finite element software package [19].

3.1. Assumptions used for model construction

The process model is applied to the LFW of the simple
rectilinear testpieces used for validation (see Section 4).
Thus whilst in practice two separate testpieces are joined,
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Fig. 2. Schematic diagram of the LFW process considered in this study.
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simplifications are introduced to reduce computational
costs. Analysis of just a single workpiece and two rigid
tooling plates is carried out (see Fig. 2). The deformation
is modelled from the point of complete contact of the
two workpieces, at which point any sliding ceases. To
account for frictional heating prior to this point, a suitable
thermal profile is assumed and mapped onto the work-
piece; the choice of this initial temperature profile is consid-
ered later in the paper. Introduction of enthalpy thereafter
is by adiabatic heating, the efficiency of which is taken to be
100%. Consistent with the experiments, the initial temper-
ature of the testpieces is set to 40 �C. The boundary at
the surface of the workpiece and its surrounding environ-
ment is used to prescribe a heat transfer coefficient to the
atmosphere of 10 W m�2 K�1 [19]. Heat transfer with the
tooling in contact with the workpiece is described similarly,
this time along the contact boundaries of the workpiece to
the upper and lower dies. Values of 1 � 104 W m�2 K�1

[19] are prescribed here.
Thus the workpiece is modelled as rectangular, of the

same width as the experimental testpieces welded for vali-
dation and with a height sufficient that no deformation
or significant heating is expected at its upper and lower
extremities. The lower tooling is taken to be a flat surface,
in contact with the base of the workpiece. This die is given
an oscillating motion consistent with the boundary condi-
tions chosen. The upper tooling is an inverted U-shape,
such that the upper portion of the workpiece is gripped
along its sides; it remains stationary during the process.
A forging load is applied along the top surface of the work-
Please cite this article in press as: Turner R et al. Linear friction weld
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piece, to represent the forging motion of the upper tooling
plate during the process. Thus the model is two-dimen-
sional. The plane-strain mode is assumed, so that the strain
component normal to the direction of oscillation is
assumed to be zero. Note, however, that this does then
mean that the model cannot account for any in-plane flash
formation normal to the direction of oscillation.

Preliminary calculations indicated that the length of
equilibrium phase of a linear friction weld is determined
by its weld parameters; however, this is typically of the
order of 15–30 cycles of welding, and usually of duration
less than 1 s. Hence for the purposes of the present work,
the process model is applied for 20 oscillations, at which
point it is assumed that a stabilized condition will have
been reached so that the thermal profile in the material is
invariant with time. Thus the external work being input
into the weld line via the oscillating motion balances
approximately the energy dissipated, meaning that no fur-
ther heat transfer occurs within the workpiece itself. This
will be referred to as the steady-state condition. This is
examined further in Section 6.

3.2. Boundary conditions and starting conditions

Frictional boundary conditions are used to describe the
sticking or sliding nature of the interface between the tool-
ing and the workpiece. For the lower workpiece, the lock-
ing mechanism of the tooling surrounding the lower
portion of the workpiece means that this is constrained
to oscillate in time with the lower die. Hence, a sticking
boundary condition is applied, meaning a friction coeffi-
cient of unity is used. For the upper die to workpiece fric-
tional boundary condition, it is essential that the workpiece
be allowed to slide freely against the tooling, to allow the
upset to occur. Thus the friction coefficient between the
two surfaces is taken to be zero.

The representation of the conditioning phase of the pro-
cess by an assumed thermal profile requires justification. It
was adopted because the incorporation of the conditioning
phase into the model would have involved a severe increase
in computational demand, due to the timescale involved
for this phase (roughly 10 s, compared to no more than
1–2 s subsequently when welding takes place). It turns
out to be unnecessary to incorporate so much computation
into the process model given the relative simplicity of the
temperature profile inherited from the conditioning phase
(see Section 6). This will be demonstrated later in Section
5, with a series of models investigating the sensitivity of
thermal and mechanical results to the assumed thermal
profile representing the effects of conditioning.

3.3. Choice of constitutive law: material model

For realistic simulations, an accurate constitutive law is
required. Estimates for the stress–strain curves for Ti–6Al–
4V were made using the JMatPro software [20], the data
being derived from a series of isothermal compression tests
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Fig. 3. Stress–strain curves for Ti–6Al–4V assumed for the modelling, for differing strain rates at fixed temperatures of (a) 25 �C, (b) 200 �C, (c) 400 �C,
(d) 600 �C, (e) 800 �C, (f) 1000 �C, (g) 1200 �C and (h) 1500 �C.
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performed under conditions of constant strain rate. The
stress–strain curves are given in Fig. 3.

Two distinct approaches were considered for the model-
ling. Initially, the stress–strain curves were fitted to the
Norton–Hoff law [19]; however, this approach was aban-
doned since it did not allow an accurate reproduction of
the data across the full regimes of temperature and strain
rate required for the modelling. Instead, a second method
was implemented in which the flow stress data were entered
into a tabular dataset, with values estimated at temperature
Please cite this article in press as: Turner R et al. Linear friction weld
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increments of 50 �C, and strain rates of 10�3, 10�2, 10�1, 1,
10, 102 and 103 s�1. This allowed a reasonable estimation
of the flow stress by interpolation between the tabulated
data. The tabular approach was therefore adopted for all
the work reported in this paper.

3.4. Meshing of the workpiece

Calculations were carried out to determine an accept-
able level of discretization for the FEM meshes needed
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Table 1
Results from the mesh sensitivity studies.

Mesh element
length (mm)

Total no of elements
(and nodes)

Run time
(h)

Volume
variation (%)

Peak values after 20
cycles (0.44 s)

Temp Plastic
strain

Strain rate
(s�1)

Von Mises stress
(MPa)

0.7 538 (302) 2.84 3.14 1129 106.9 505.9 1693.8
0.5 796 (438) 6.52 2.76 1148 139.7 721.6 1149.6
0.4 1078 (582) 13.1 2.5 1160 159.4 868.1 1088.9
0.3 1672 (891) 26.63 1.98 1179 189.7 1040.7 1004.6
0.25 2955 (1472) 68.2 1.79 1199 182.9 1062.9 1021.3
0.2 4989 (2632) 153.3 1.57 1207 179.4 1061.6 1014.8
0.18 6350 (3594) 304.5 1.33 1206 191.1 1066.9 966.5
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(see Table 1). A degree of pragmatism is desirable since sig-
nificant deformation and large gradients for the fields of
temperature, strain rate and strain are expected along the
weld line; however, minimal deformation and very small
gradients arise far from the weld line.

Hence triangular elements of edge length 0.8 mm were
used to describe the workpiece, with the exception of the
region 2 mm either side of the weld line (see Fig. 4). Within
this 4 mm thick band defined in this way – since the discret-
ization here will be important in determining accuracy – a
number of different element edge lengths were assumed.
The important results (peak temperatures, strains, strain
rates and Von Mises stresses – each taken from along the
weld line of the workpiece) from this series of models
and their sensitivity to meshing density are summarized
in Table 1. Also included are the run-times of the models,
and the accumulated error in the volume – defined as the
percentage difference between the volume of the finished
workpiece and the volume of the starting workpiece.

Given the results in Table 1, the preferred mesh size for
the modelling – within the refined mesh region – was taken
to be 0.25 mm. This was found to provide a good compro-
Fig. 4. Illustration of the arrangement for the LFW process, and
definition of terms used in this paper.
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mise between reasonable accuracy without excessive run
times. The remainder of the workpiece (that outside of
the refined region) was meshed to a element edge length
of 0.8 mm. The mesh then used for the rest of the studies
contained approximately 1500 nodes and 3000 elements.

4. Experimental validation

Experimental trials on rectilinear testpieces were per-
formed using a Process Development System LFW
machine, manufactured by MTS (Model 54-449-701). The
machine allows for oscillation frequencies in the range
10–75 Hz, oscillation amplitudes of between 1 and 5 mm
and forging loads of up to 60 kN, so that a maximum
applied stress of 150 MPa could be generated. In excess
of 50 welds were fabricated with the conditions chosen so
that the limits of the capabilities of the machine were
explored. Ti–6Al–4V testpieces of dimensions 13 mm �
26 mm (mating surface) and 35 mm (height) were machined
from forgings for the purposes of this study.

Since an accurate knowledge of the heat transfer pro-
cesses is needed, a further nine welds were instrumented
using thermocouples. For each, a channel measuring
15 mm deep � 12 mm wide was machined into the top sur-
face of each testpiece, allowing the thermocouple wires to
emerge from the fixturing surrounding the Ti–6Al–4V test-
pieces during processing (see Fig. 5). Sixteen holes were
then spark-eroded axially into each testpiece, with antici-
pated depths of 1, 2, 4 and 8 mm from the mating surface
(with four holes cut to each depth value). The axial holes
were cut into the testpiece in a 4 � 4 grid system, with col-
umns 1, 2, 3 and 4 and with rows A, B, C and D. This
approach allowed four thermocouples to be located at each
different hole depth. Given the challenges involved in pro-
ducing the holes and attaching the thermocouples, four
thermocouples set at each depth within the testpiece were
considered to be sufficient to record the data needed, whilst
eliminating any systematic errors and allowing for the pos-
sibility of discarding outlying data from badly located ther-
mocouples. Prior to processing, the thermocouples were
fixed into position in the holes with a chemical-set thermal
cement, consistent with common practice.
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Fig. 5. Linear friction welded joints of Ti–6Al–4V, with thermocouple
wires attached. Different materials were used to locate and attach the
thermocouples: thermal cement (left) and epoxy resin (right).
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5. Results

5.1. Critique of the temperature profile assumed for

conditioning phase

A series of process models were executed, each with
identical inputs except for the initial temperature profile
assumed to represent the effects of conditioning. The
thermal profiles used are given in Fig. 6; the homologous
temperatures are quoted using an assumed liquidus tem-
perature of 1660 �C. The first thermal profile (profile 1)
was chosen after preliminary modelling work which
included treatment of some part of the conditioning phase
– this is regarded as the baseline profile. Profile 2 was cre-
ated from the baseline profile by maintaining the same weld
Fig. 6. Initial thermal profiles assumed for the modelling trials, to
investigate sensitivity to the assumed effect of the conditioning phase. The
profile is assumed to be symmetric either side of the weld line, at left. A
melting temperature of 1660 �C is assumed to determine the homologous
temperature.
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line temperature, but doubling the width of the band of
material at 750 �C or above, and the width of the band
of material at 350 �C or above. Similarly, trebling these val-
ues from the original baseline case created profile 3. Profile
4 was identical to profile 1, except that it had a peak weld
line temperature of 1100 �C instead of 1200 �C.

In Fig. 7 one can see how the upset (a) and the weld line
temperature (b) vary as the steady-state is approached; also
shown (c) is the temperature profile reached at steady-state.
The results are shown for the four different thermal profiles
assumed to be inherited from the conditioning phase. One
can see that the thermal profiles and the weld line temper-
atures are very similar and are thus relatively insensitive to
the initial thermal profile used to represent the conditioning
phase. The slight difference in total upset reflects the influ-
ence that the estimated starting profile has upon the results;
however, the rates of upset converge to a common value,
indicating that the steady state has indeed been reached.
Fig. 7. Predictions of (a) upset curves, (b) peak weld line temperatures and
(c) thermal profiles after 20 cycles of LFW for models using four different
thermal profiles used to represent effects of conditioning. A melting
temperature of 1660 �C is assumed to determine the homologous
temperature.
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Fig. 9. Variation of upset with time for various oscillation frequencies, for
(a) the model and (b) experimental data.
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Profile 1 was assumed for the modelling reported in the rest
of this paper.

5.2. Sensitivity analysis

The critical process parameters for LFW are the oscilla-
tion frequency, the amplitude and the applied pressure. A
matrix of calculations was carried out to establish the
effects of these process parameters upon the rate of axial
upsetting during welding. The process parameters were
varied in the ranges 1–5 mm (amplitude), 15–60 Hz (fre-
quency) and 20–150 MPa (forging pressure), consistent
with the capabilities and limitations of the welding
machine. Modelling was then carried out to allow the
experimental results to be compared with the predictions
(see Figs. 8–10).

The predicted upset traces for axial shortening display
clearly the similar saw-toothed nature which is observed
in the welding experiments, as a consequence of the oscilla-
tory nature of the process. The rate of upsetting increases
with increasing amplitude of oscillation (see Fig. 8);
detailed analysis indicates a proportionality as will be
shown later in the paper. Similarly, a doubling of the fre-
quency yields an approximate doubling of the rate of upset
(see Fig. 9). The sensitivity of rate of upset to applied load
is less clear; the results indicate that an increase in applied
load does yield an increase in rate of upset, though this
relationship does not appear to be linear (see Fig. 10).
These results are analyzed further in Section 6.

In summary, the numerical modelling confirms that the
upset is indeed sensitive to the three parameters, and that
the trends are reproduced in a reasonable way by the
modelling.
Fig. 8. Variation of upset with time for various oscillation amplitudes, for
(a) the model and (b) experimental data.
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5.3. Temperature profiles measured in heat-affected zones

Predictions were made for the thermal profiles antici-
pated in the HAZs of the welds which were instrumented
using thermocouples. Fig. 11 illustrates thermal profiles
for some representative welds, as measured by the thermo-
couples at the end of the burn-off phase and the predictions
of the “steady-state” thermal condition after 20 cycles of
Fig. 10. Variation of upset with time for various applied pressures, for (a)
the model and (b) experimental data.
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Fig. 11. Comparison of the predictions for the thermal profiles measured on thermocoupled welds and those predicted by the FEM model. A melting
temperature of 1660 �C is assumed to determine the homologous temperature.
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oscillation. The thermal profiles measured from the weld-
ing experiments were obtained by taking the mean thermo-
couple data at each of the four discrete locations; a linear
function between these points was assumed. Note that
since the total upset experienced in each case is substantial,
the distances quoted in each case were determined by sec-
tioning and measuring the thermocouple location after
processing was completed. One can see that the measured
thermal profiles are simulated reasonably accurately.

To facilitate identification of any trends with the key
process variables, the measured temperature profiles are
compared in Fig. 12 use is made of the experimental design
employed. For the sensitivity to amplitude (Fig. 12a) and
frequency (Fig. 12b), the results confirm that higher ampli-
tudes and frequencies (and as such higher energy input
rates) produce a hotter weld line, but the resulting rapid
rate of upsetting means that cold parent material is quickly
moved towards the weld zone, leading to a steeper temper-
ature gradient in the HAZ. The sensitivity of the HAZ tem-
perature gradient to the applied load (Fig. 12c) is not as
strong as to amplitude and frequency, although it shows
Please cite this article in press as: Turner R et al. Linear friction weld
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the same trend, and likely reasons for this are discussed
in Section 6. The curves in Fig. 12d–f were constructed
using the analytical model for the process which is devel-
oped in Section 6.

5.4. Flash shape

As a further test of the accuracy of the modelling, the
predicted morphologies of the flash were compared with
those observed experimentally. It has been found that the
shape and formation of the flash produced in a linear fric-
tion weld reflect the mechanisms driving deformation.
Flash is produced by two primary effects: (i) the forging
load steadily extruding the viscous hot layer of material
from between the testpieces; and (ii) the oscillatory motion
dragging material from the weld line during each stroke of
oscillation. Which effect dominates depends upon the val-
ues of the process variables being used. For welds produced
by smaller amplitudes, the axial load is the most influential
mechanism for forcing hot material out of the weld line.
However, for larger amplitudes, the flash morphology is
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Fig. 12. Peak temperatures predicted by the process model illustrating the thermal profiles at the end of the burn-off period: (a) fixed frequency (45 Hz)
and pressure (110 MPa), varying amplitudes; (b) fixed amplitude (2 mm) and pressure (110 MPa), varying frequencies; (c) fixed frequency (45 Hz) and
amplitude (2 mm), varying loads. (d)–(f) The corresponding predictions from the analytical model presented in Section 6. A melting temperature of
1660 �C is assumed to determine the homologous temperature.
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dominated by the oscillations which drag material out from
the weld. When material is dragged out during the oscilla-
tions, it causes a region of material to interfere with the ver-
tical edge of the weld stub at each oscillation, producing a
distinct rippling pattern on the flash surface. Consequently,
each ripple relates to one oscillation (see Figs. 8–10).
Larger amplitudes of oscillation produce larger rippling
features on the flash. Fig. 13 illustrates different flash for-
mation patterns seen in the experimental welding trials –
and the modelled prediction of flash formation – for these
limiting conditions. These observations offer further evi-
dence that the model captures the physical effects occurring
during processing.

5.5. On the strain rates experienced during the process

The successful validation of the model allows for
detailed interrogation of its predictions; this is useful par-
ticularly for the investigation of effects which are not ame-
nable to direct measurement during the experimental trials.
Please cite this article in press as: Turner R et al. Linear friction weld
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The strain rates exhibited by the material represent a good
example. Vairis and Frost [10–12] were perhaps the first to
study LFW in detail, and gave detailed consideration to the
strain rates likely to arise at the weld line. A first-order
approximation for the strain rate _� of af/L was suggested
[10] where a is the amplitude of the oscillation, f is the fre-
quency and L is the length of specimen in the direction of
oscillation; insertion of typical values into this expression
suggests strain rates of the order of 1 s�1. Note that this
expression assumes that the deformation is homogeneous.

The predictions made during the present work indicate
that the strain rates along the weld line are substantially
greater than this simple first estimate, being generally
above 1000 s�1 and depending strongly upon the amplitude
employed (see Fig. 14). Indeed, peak strain rates for the
largest amplitude of oscillation have been found to peak
at 2500 s�1 in some regions. These very high strain rates
call somewhat into question the absolute accuracy of the
material model used for the calculations, since extrapola-
tion outside of its range of data is then occurring (strain-
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Fig. 13. Examples of flash formation during LFW: (a) smaller amplitude and high applied load and (b) associated modelling; (c) large amplitude and
lower applied load and (d) associated modelling.

Fig. 14. The peak strain rates predicted along the weld line over the
duration of the weld, for models using varying amplitudes but with a
constant frequency of 45 Hz and a constant forging pressure of 110 MPa.

Fig. 15. Illustration of the evolution of the points placed initially on the
weld centre line as modelling proceeds: (a) material points initially on the
weld line, (b) beginning to be extruded into the flash which is being
formed, and (c) fully extruded into the flash.
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rate data are included only up to 1000 s�1). Thus, future
work might examine carefully the flow stresses in this
high-strain-rate regime, since it is likely that the modelling
demands extrapolation away from existing measured data.

5.6. On the self-cleaning mode of linear friction welding

In practice, a significant practical use of the model might
be to determine whether a given combination of weld
parameters provides a joint that is free from any debris
which might have been present prior to the weld being pro-
duced; thus whether the process is indeed “weld line self-
cleaning”. If this is not the case, then the mechanical prop-
erties (fatigue, fracture) of the joint might be compromised
by the presence of defects which might be life-controlling.
Clearly, whether or not the process is indeed self-cleaning
is not easy to determine by experiment, but analysis by
modelling allows this question to be answered.
Please cite this article in press as: Turner R et al. Linear friction weld
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By selecting nodes within the mesh that were located
along the weld line at the commencement of the process
model, a process of point-tracking was used to allow the
position of these material points to be monitored through-
out the process. Provided that a sufficiently large number
of oscillations are used, our modelling has demonstrated
that these points are extruded into the flash, with the speed
of this extrusion dependent upon the welding parameter set
(see Fig. 15). As result of this characteristic of the process,
any unwanted contaminants on the weld-interface surface
prior to the welding process are removed from the weld
line, so long as a sufficient upset is achieved.

6. Rationalization of experimental findings

The results presented above warrant rationalization, and
to do this an analytical model for the process is proposed;
thus a number of simplifying assumptions need to be intro-
duced. For any given set of process parameters, the flash
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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Fig. 16. Variation of the measured in-plane shear stress with the applied
normal stress during LFW. Note that the size of the symbols has been
chosen to be proportional to the product of the amplitude a and the
frequency f.

Fig. 17. Variation of the measured upset rate during LFW with the
product of the amplitude a, frequency f and the resultant mean shear stress
arising as a consequence of the applied pressure P.
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region is assumed to form at a constant temperature Tflash,
with material crossing the flash–HAZ interface at a velocity
v consistent with the constant burn-off rate observed exper-
imentally. Thus steady-state conditions are assumed to pre-
vail. Heating is assumed to occur close to the flash–HAZ
interface, and this heat flows outwards towards the periph-
ery of the HAZ into which fresh material moves. Flash for-
mation is again assumed in the direction of oscillation, and
to be absent in the direction normal to it: plane-strain con-
ditions thus prevail. Far from the HAZ, the material is at
initial temperature T0.

One seeks the differential equation which describes the
flow of heat in the HAZ. If the burn-off speed v is constant,
then a steady moving frame can be identified consistent
with the transformation x = x0 � vt; the temperature field
T must then satisfy [e.g. 21]:

a
d2T

dx2
þ v

dT
dx
¼ 0 ð1Þ

where a is the thermal diffusivity, equal to j=ðqcpÞ, where j,
q and cp are the thermal conductivity, density and specific
heat capacity, respectively (which are assumed to be tem-
perature independent). The general solution, after applica-
tion of the boundary conditions, is:

Tfxg ¼ T 0 þ ½T flash � T 0� expf�vx=ag ð2Þ

where the distance x is measured from the flash–HAZ
interface. Note that one sees that:

@T
@x

����
x¼0

¼ � v
a
½T flash � T 0� ð3Þ

Eq. (2) represents an estimate for the temperature profile in
the HAZ once steady-state conditions are attained. It de-
scribes the measured data very well – see Fig. 12d–f; these
can be compared with the experimental data of Fig. 11 and
the predictions of the numerical model in Fig. 12a–c. It
reproduces the measured data of Fig. 12 quite accurately,
although an a priori knowledge of the upset rate and peak
weld temperature is required. It will prove useful for the
estimation of the initial temperature profile needed by the
FEM analysis, until such a time that the conditioning
phase can be modelled. Note that from the exponential
form of Eq. (2) one can identify the characteristic length
of the temperature curve, a/v, over which it falls to 1/e
times its peak value; this distance is predicted to decrease
as the upset rate increases. This can be seen to occur in
Fig. 12, for example: as the amplitude of oscillation in-
creases, the temperature curves become steeper. A charac-
teristic time a/v2 can also be identified, which is required
for the material to be upset by the characteristic distance
and to reach an approximate steady-state temperature pro-
file. Although the upset rate and power input will vary dur-
ing the conditioning phase, the characteristic time is
expected to be a rough estimate of the time needed for
the conditioning phase to be completed, and might there-
fore be of use for practical purposes.
Please cite this article in press as: Turner R et al. Linear friction weld
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It is of interest to determine whether a first estimate of
the upset rate v can be made. To do this, one can equate
the power expended during welding to the rate of produc-
tion of enthalpy in the hot flash extruded (ignoring heat
loss by radiation and convection). The two workpieces
are assumed to be joined at this stage so that friction can
be neglected. One then has:

4ga�sf ¼ qv
Z T flash

T 0

cpdT ¼ qvcp½T flash � T 0� ð4Þ

where a is the amplitude of oscillations of frequency f, cp is
the temperature-dependent heat capacity and �s is the aver-
age in-plane shear stress developed during the process. The
term g is the efficiency of adiabatic heating; other terms are
as above. Examination of the experimental data indicates
that a linear correlation exists between the measured in-
plane shear stress and the applied pressure P (see
Fig. 16); interestingly, any best-fit line would not pass
through the origin, which suggests that a resistive shear
stress needs to be overcome. Provided that Tflash and g re-
main relatively constant, one might expect the measured
upset rate v to be proportional to the product a�sf . The
experimental data generated here indicate that this is a
good assumption (see Fig. 17). Figs. 16 and 17 taken to-
gether allow an estimate of the upset v to be made, given
a knowledge of the process variables a, f and P. The gradi-
ing of Ti–6Al–4V: Modelling and validation. Acta Mater (2011),
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ent of the line in Fig. 17 is ð4gÞ=ðqcp½T flash � T 0�Þ, and thus
an estimate of the adiabatic efficiency g can be made.
Assuming q = 4400 kg m�3 and values of cp from Ref.
[22], the exact value deduced will depend upon the estimate
made for the flash temperature Tflash. One has g = 0.92 if
Tflash = 962 �C and g = 1.06 if Tflash = 1162 �C, the values
for Tflash spanning the range found experimentally – see
Fig. 11, for example. These quantitative findings lend sup-
port to the assumption made in the FEM modelling that
the adiabatic efficiency factor can be assumed to be close
to unity for the LFW process.

7. Conclusions

The following conclusions can be drawn from this work:

1. A finite-element (FE) model for the LFW of the tita-
nium alloy Ti–6Al–4V has been formulated, which can
be used to predict many of the important thermal and
mechanical characteristics of the process.

2. In particular, it has proved possible to simulate with rea-
sonable accuracy the flash formation caused by the
oscillating motion and the axial load applied during pro-
cessing. The flash topology is found to be sensitive to the
values of the weld parameters employed.

3. The process model has demonstrated the self-cleaning
property of a linear friction weld along its weld line.
All material at the beginning the burn-off phase which
is located on the weld line is extruded into the flash,
assuming a reasonable upset.

4. Strain rates experienced along the weld line during the
process are typically of the order 1000 s�1, appreciably
larger than those predicted by simplistic first-order
approximations, and in line with more recent analytical
findings from literature. The modelling demonstrates
that the peak strain rates experienced are sensitive to
the critical process variables used in LFW, particularly
the amplitude of oscillation.

5. A simple analytical model for the process is proposed,
which rationalizes many of the findings of this work.
Assuming heat generation at the flash–HAZ interface,
this model can be used to estimate the temperature pro-
file in the HAZ, although it requires prior knowledge of
the peak temperature and/or upset rate for greatest
accuracy. The temperature profiles predicted in this
way can be used for input to the FE model, which
accounts only for the equilibrium, steady-state phase
and neglects the prior conditioning phase.
Please cite this article in press as: Turner R et al. Linear friction weld
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6. An analysis of the experimental data for the dependency
of the rate of flash formation on applied pressure, fre-
quency and amplitude indicates that the adiabatic heat-
ing efficiency during the LFW process is close to 100%.
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