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Abstract 
 

Most examples of linear friction weld process models have focused on joining two identically shaped workpieces.  This 
article reports on the development of a 2D model, using the DEFORM finite element package, to investigate the joining 
of a rectangular Ti-6Al-4V workpiece to a plate of the same material. The work focuses on how this geometry affects the 
material flow, thermal fields and interface contaminant removal. The results showed that the material flow and thermal 
fields were not even across the two workpieces. This resulted in more material expulsion being required to remove the 
interface contaminants from the weld line when compared to joining two identically shaped workpieces. The model also 
showed that the flash curves away from the weld due to the rectangular upstand “burrowing” into the base plate. 
Understanding these critical relationships between the geometry and process outputs is crucial for further industrial 
implementation of the LFW process. 
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1. Introduction 
 
Linear friction welding (LFW) is a solid-state joining 
process that works by oscillating one workpiece relative to 
another whilst under a compressive force, as shown in     
Fig. 1. Despite being one continuous process, Vairis and 
Frost [1] noticed that LFW occurs over four phases: 
• Phase 1 – the initial phase. The asperities on the 

surfaces to be joined interact and generate heat due to 
friction. The asperities soften and deform, increasing 
the true area of contact between the workpieces. 
Negligible axial shortening (burn-off) in the direction of 
the compressive force is observed. 

• Phase 2 – the transition phase. The material plasticises 
and becomes viscous, causing the true area of contact 
between the workpieces to increase to 100 percent of 
the apparent cross-sectional area. Heat conducts back 
from the interface, plasticising more material, and the 
burn-off begins to occur due to the expulsion of the 
viscous material, forming the flash. 

• Phase 3 – the equilibrium phase. The interface force, 
thermal profile and burn-off rate reach a quasi-steady-
state condition and significant burn-off occurs through 
the rapid expulsion of the viscous material from the 
interface. The majority of the flash is generated during 
this phase. 
______________ 
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• Phase 4 – the deceleration and forging phase. Once the 
desired burn-off is reached, the relative motion is 
ceased and the workpieces are aligned. In some 
applications an additional forging force may be applied 
to aid consolidation. 

 
Fig. 1. An illustration of the LFW process. 
 
 
 Components machined from a solid block are often 
expensive due to the proportionally large amount of material 
that is purchased compared to the amount that remains after 
machining. LFW reduces the material required to make a 
component by joining smaller workpieces to produce a 
preform, which is subsequently machined to the desired 
dimensions. Currently, LFW is an established technology for 
the manufacture of titanium alloy integrated bladed disks 
(blisks) for aero-engines [2]–[6]. However, it is finding 
increasing interest from other industrial sectors – 
particularly for the joining of Ti-6Al-4V – due to the 
significant cost savings that can be achieved [3], [4], [7]. 
Despite the increased interest, the process has experienced 
limited additional industrial implementation [8], [9]. This is 
partly due to a lack of fundamental scientific understanding 
of LFW [8].  
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 Computational modelling offers a pragmatic method for 
understanding what is happening during the rapidly evolving 
process, allowing for increased fundamental scientific 
understanding [10]–[16]. An increased understanding will 
aid further industrial development and implementation of 
LFW. 
 To date, much of the research into LFW has been 
concerned with the joining of workpieces with identical 
surface contacting dimensions [1], [10]–[17]. There is an 
industrial interest to understand the joining of dissimilar 
sized workpieces. To address this, the present article reports 
on the development of a 2D finite element model to 
investigate the linear friction welding of a Ti-6Al-4V T-
Joint. 
 
 
2. Methodology: Development of a Model 
 
This study uses the finite element analysis (FEA) software 
DEFORM to run a 2D model of a T-joint, the dimensions of 
interest for this study are shown in Fig. 2. 
 Based on the work by Turner et al. [16] and McAndrew 
et al. [14] the process was modelled as two distinct stages. 
The first stage used a purely thermal model to account for 
the heating during Phase 1 of the process and the second 
stage used a plastic flow model to account for the material 
flow during Phases 2 and 3. A single body was used to 
account for the material flow during Phases 2 and 3. The 
single body approach works on the principle that once the 
workpieces merge (Phase 2 onward) there is 100 percent true 
interfacial surface contact, thus allowing the process to be 
represented by a single body. To account for the earlier 
process heating a thermal profile must be mapped onto the 
model. This is vital as it allows the interface material of the 
single body model to deform in preference to its 
surroundings, as occurs in reality. The major benefit of the 
single body approach is that it enables the adhesion and 
mechanical mixing of the faying surfaces to be modelled, 
providing a better insight into flash formation and 
morphology [14], [16], [18].   
 

      
Fig. 2. Workpiece dimensions 

 
 
 

2.1 Thermal Model 
Previous work by McAndrew et al. [15] showed that, 
regardless of the process parameters used, the interface 
temperature reaches approximately 1000 °C at the end of the 
first phase at which point the flash formation occurs.  A 
generic thermal profile that meets this requirement was 
developed using a similar approach to one reported 
elsewhere [15] and is shown in Fig. 3 (b). This thermal 
profile was used to provide the initial thermal condition for 
the single body model. 
 
2.2 Plastic Flow Model 
The single body model uses a 2D plane strain condition to 
represent the central slice of the workpieces shown in Fig. 2 
along a plane parallel to the direction of oscillation.  The 
reciprocal motion was generated by the oscillating tool die 
while the applied force was produced by the forging tool die, 
as shown in Fig. 3 (a).  The stick-out from the tooling was 5 
mm for each workpiece.  The aforementioned thermal model 
was then mapped onto this plastic flow model, as shown in 
Fig. 3 (b). By definition, 2D analysis does not account for 
out-of plane material flow; despite this good predictive 
insights are still maintained [14], [16], [18].   
 The majority of the heat generation and plastic 
deformation throughout the process occurs along the weld 
interface. Based on the work by Turner et al. [16], an 
average mesh element size of 0.25 mm was used within an  
8 mm band focused around this region.  The relative element 
size was then increased with increasing distance from the 
weld line.   
 The accuracy of a plastic flow model is determined by 
input flow data.  To avoid any inaccuracies due to data 
extrapolation, the material flow stress data for this model 
was the same as previously reported by Turner et al. [16] 
which covered the range of temperatures typically 
experienced during LFW.  The material flow stress data was 
obtained from stress and strain curves for temperatures, 
strains and strain rates of 1500 °C, 4 and 1000 s-1 
respectively. Tabular based temperature dependent thermal 
conductivity, specific heat and emissivity data from the 
DEFORM software’s library were used.  The temperature of 
the environment was assumed to be 20 °C. 
 A time-step of 0.0002 s was chosen to ensure that 
approximately one third of the weld line mesh element 
thickness was travelled per iteration.  The model was 
thermo-mechanically coupled and it was assumed that 90% 
of the mechanical energy required for the material 
deformation was converted into heat [13,14].  The process 
parameters used for the model are shown in Table 1.  The 
target burn-off of 3.25 mm was chosen because this was the 
maximum achievable burn-off for the current configuration 
while preventing the tooling from penetrating the flash. 
 
Table 1. LFW parameters used for the model  
Frequency of 

oscillation 
(Hz) 

Amplitude of 
oscillation 

(mm) 

Applied 
force 
(kN) 

Burn-off 
(mm) 

50 2 100 3.25 
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	 	 	 										(b)	

 
 

 Fig. 3. Development of the 2D model including (a) the setup of the 
plastic flow model and (b) the thermal profile mapped onto the plastic 
flow model.  
 
 The model was used to study various thermal outputs of 
the process, including: the thermal profile, temperature 
gradient across the weld interface and the peak interface 
temperature.  The flow of material at the interface was also 
investigated; this included the steady state burn-off rate, the 
peak strain rate, the expulsion of surface contaminants via 
point tracking, and the mechanism behind the flash 
formation. 

 
 
3. Results and Discussion 
 
3.1 Flash Formation and Material Flow 
The modelled axial shortening (burn-off), recorded from the 
model, as shown in Fig. 4, was relatively linear. This is 
typical of the LFW process during Phase 3 due to a quasi-
steady state condition being achieved.  By measuring the 
gradient of the burn-off, a rate of 3.67 ± 0.04 mm.s-1 was 
obtained, which is in the same region recorded by other 
authors for a comparable set of process parameters [14]. 
 

 
Fig. 4. Predicted burn-off (solid blue line) as a function of time where 
the burn-off rate is determined by the gradient of the curve (dashed 
black line), i.e. the linear line of best fit. 
 
 An investigation into the flash forming mechanism was 
conducted, as illustrated in Fig. 5. The model revealed that 
over the course of an oscillation, the flash remains attached 
to the upstand while it separates from the plate. The model 
predicted a maximum strain rate of over 1000 s-1 at the 
separation point when the upstand travelled away from the 
datum position, which was two times greater than the values 
recorded across the rest of the weld interface (500 s-1). This 
large strain rate between the flash and the plate resulted in 
localised yielding of the material, hence the separation. 
 During the second half of the oscillation cycle, where the 
upstand returned to its original position, it was noticed that 
there was uneven expulsion of the plasticised material from 
the weld interface. The material across the upstand appeared 
to flow freely, while the material at the centre of the 
interface on the base plate side was restricted in its ability to 
flow. Interestingly, extra material toward the edges of the

 
 
 

 
 
 
 

Fig. 5. Flash formation over a cycle of oscillation determined by the FEA. Notice the curving of the flash away from the plate. 
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weld on the base plate side was “scooped” out of the plate 
onto the underside of the flash, as shown in Fig. 5. This 
resulted in the upstand “burrowing” into the plate and 
caused the flash to curve away from the plate. The 
burrowing effect may explain why the material at the centre  
of the base plate did not flow as easily, the concave-like 
deformation profile in the base plate caused it to be held in 
place. 
 
3.2 Surface Contaminant Removal 
The removal of surface contaminants was studied by using 
point tracking along the interface, similar to the work 
reported by Turner et al. [16] and McAndrew et al. [14]. 
Each point was separated by a distance of 2 mm as 
illustrated in Fig. 6 (a).   
 Throughout the evolution of the weld, the gradual 
expulsion of the tracked points is observed. As shown in Fig. 
6 (b), the model predicted that for the T-joint configuration 
not all of the point tracking were removed from the interface 
for the target burn-off of 3.25 mm.  This is much more than 
the minimum required burn-off for complete contaminant 
removal for symmetric weld geometries [14]. This 
observation may be due to the burrowing effect. The tracked 
points may have been forced into the base plate material 
instead of being allowed to freely flow into the flash. This 
result highlights the importance of understanding the effects 
of the workpiece geometry on the material flow behavior of 
linear friction welds, something which is currently not well 
understood. 

(a)	
 

 
 

(b)	
 

 
 
Fig. 6. Removal of surface contaminants around the weld line using 
interface point tracking: (a) initial location of the point tracking and (b) 
evolution of the point tracking. 
 
 
3.3 Thermal Profile Evolution 
The thermal profile across the centre of the interface was 
studied throughout the evolution of the process, as shown in 
Fig. 7 (a).  A maximum temperature of approximately 
1100°C   was   recorded   at   the   interface,   which   is   a 
comparable value to that reported for other Ti-6Al-4V linear 

friction welds [14], [16], [18].  The temperature then rapidly 
decreased away from the weld line.  Despite the relatively 
low thermal conductivity of titanium, the spreading of the 
thermal profile with time demonstrates how the heat begins 
to soak into the surrounding workpieces throughout the 
process. 
 

          (a)	
 

 
           (b)	

 
Fig. 7.  Thermal fields across the weld interface throughout phase 3, 
showing (a) the temperature profile across the interface for different 
times throughout the equilibrium phase and (b) the magnitude of the 
temperature gradient either side of the interface as a function of time. 
 
 The temperature gradient between the weld interface and 
the region 3 mm back from the interface was recorded as a 
function of time and is shown in Fig. 7 (b). The results 
reveal a higher thermal gradient for the upstand than for the 
base plate.  This is explained by the observed imbalance in 
expulsion of the hot plasticised material where the majority 
of material expelled appears to originate from the upstand, 
resulting in a steeper thermal gradient on this side. As 
discussed previously, the hot material at the centre of the 
weld on the base plate side remained at the weld interface 
for longer due to the difficulty in expelling it. This resulted 
in the heat building up in the base plate causing a wider 
thermal field, and hence, a shallower thermal gradient. The 
maximum thermal gradient recorded in the upstand was 215 
± 3 °C.mm-1.  
 
 
4. Conclusions 
 
This paper presented the results of an initial investigation 
into the 2D FEA of a Ti-6Al-4V linear friction weld in the 
T-joint configuration.  The following conclusions can be 
made from this work: 

Base	plate Upstand	
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• The 2D model provided a novel insight into the LFW 
process for the joining asymmetrical Ti-6Al-4V 
workpieces. 

• The material flow and thermal fields were not even 
across the two workpieces. This resulted in uneven 
expulsion of the plasticised material from the weld 
interface. The material across the rectangular upstand 
appeared to flow freely, while the material at the centre 
of the interface on the base plate side was restricted in 
its ability to flow.  

• The rectangular upstand “burrowed” into the base plate. 

• When compared to the literature on symmetrical 
workpieces, the surface contaminants did not flow into 
the flash as easily.  

• The weld interface reached 1100 °C, surpassing the beta-
transus temperature for this alloy.  

• The gradient of the thermal profile was larger on the 
upstand-side than base plate-side.   

5. Future Work 
 
Future work by the authors will expand upon the modelling 
approach presented in this article to investigate the effects of 
the process parameters and workpiece orientation on Ti-6Al-
4V T-joint linear friction welds. In addition, the modelling 
work will be experimentally validated to add further 
confidence to the results. 
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