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Rotary friction welding is routinely used in joining the latest grades of super alloys. There 
is still uncertainty of the formation of the burr (internal flash) near welding interface 
despite the simulation work done in this field. In this paper, a simple model was 
developed to describe the process of rotary friction welding of tubes from the viewpoint 
of the fluid mechanics. It explains that the extrusion of the material during the last 
seconds of the welding is a direct result of the quick stop of the rotating part. The model 
also indicates that the axial shortening rate in rotary friction welding is not only 
influenced by the material flow rate in side directions, but also by the change rate of the 
rotation speed. The simple formula from this model can predict the axial shortening 
(upset) in the friction welding process.. 
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1.   Background 

1.1.   Introduction of rotary friction welding  

Rotary friction welding, including inertia welding and direct drive friction 
welding, is widely used in industry to supply various welds of high integrity. 
During the process of rotary friction welding, one of the parts to be welded is 
first accelerated to a high angular velocity; welding begins when a stationary 
part is pushed against the rotating one under pressure. A schematic illustration of 
the process parameters of rotary friction welding are shown in Fig. 1. It is 
believed that a joint can thus be produced without incurring the gross melting of 
the material; as a result, the cracking and distortion of the welds during 
solidification are considerably reduced. This character of the rotary friction 
welding makes it suitable to join the latest grades of high-strength superalloys, 
which are crucial for producing modern high efficiency, low-carbon emission jet 
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engines, while the conventional fusion welding methods often cause the problem 
of cracking. 

 
(a) direct drive friction welding 

 
(b) inertia friction welding 

Fig. 1. Schematic illustration of the parameters of rotary friction welding process. 

1.2.   Heat affected zone in friction welding 

During friction welding, the material near the welding interfaces undergoes 
drastic temperature changes and severe plastic deformation. This region is 
mentioned as the heat affected zone (HAZ). Usually the HAZ can be divided 
into several regions, as shown in Fig. 2a [1] . 

The white zone, also called contact zone, or plasticized area, is the area 
which experiences the maximum temperature and plastic strain [2]. The metals 
in this zone rub with each other and fragments of metals transfer from one 
rubbing surface to the other. Some researchers hold that a thixotropic 
deformation behaviour is facilitated. The material in this zone has a very fine 
grain size due to severe plastic deformation and full dynamic recrystallisation. 
Some authors also hold that there is partial melting of materials in this region [1, 
3, 4] . 

It is not difficult to understand that the flow behaviour of the metal in this 
plasticized area can have strong impact on the quality of the friction welds. 
There is nevertheless little modelling work focussed in this area despite the 
metallographic studies invested [5,6]. In friction welding, flashes are caused by 
the severe plastic deformation of metals near the welding interface. The shape of 
flash is usually similar to those shown in Fig. 2. There are often some materials 
extruded out along the weld line, particularly when the rotary part is about to 
coming to a stop. This part of metal is stated as internal flash in D’Alvise’s PhD 
thesis [1], which is also mentioned as burr according to British standard [7]. A 
picture of flashes and burr in friction welding of superalloys is illustrated in  
Fig. 2. Although lots of models have been built to describe the procedure, to the 
author’s knowledge, there is hardly any clear explanation why this burr happens 



  

21 

 

during friction welding. In this study, a model for it is detailed. 

 
Fig. 2.  Different regions in HAZ of friction welds, (a) a schematic illustration [1]  (b) a photo of 
flashes[8] . 

2.   Analytical Model for Plasticized Layer in Friction Welding 

 
Fig. 3. Model used in the analysis: (a) a round tube with cylindrical coordinate system indicated (b) 
an element of the thin layer with velocity components ur, ux and uθ. 
 

In friction welding, parts to be welded with circular cross section are 
frequently encountered. Thus it may be reasonable to assume that two round 
tubes of identical geometry, material to be welded. Here the material of the tube 
used is mild steel. The thin layer of the plasticized metal near the weld line, 
which is mainly the white zone shown in Fig. 2, is what we are most interested 
in and this can be treated as a layer of a viscous fluid due to the high temperature 
there. If we want to describe the behaviour of this soft layer, a cylindrical 
coordinate system shown in Fig. 3 has to be set up first. Only one part - the 
rotary part - is illustrated due to the mirror symmetry along weld line. Then the 
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Navier-Stokes equation used to describe the movement of the fluids can be 
written as follows [9][10]. 

  (1) 

Where ur, ux and uθ represent the velocity components in the radial (r), axial 
(x) and circumferential (θ) directions respectively. μ is the viscosity of the thin 
layer. ρ is the density. P is the pressure exerted on the layer. gr, gx and gθ denote 
the external body force components in the r, x and θ directions respectively. The 
Navier-Stokes equation is a direct application of Newton’s second law on the 
movement of the fluid. The three expressions describe the principle of the 
conservation of momentum in a fluid along the radial, circumferential and axial 
directions respectively. At the same time, the velocity fields of the fluid should 
obey the continuity equation  

   (2) 

The Navier-Stokes equations seem formidable and difficult to solve. 
However, in the case of rotary friction welding of round tubes, these equations 
can be greatly simplified when coping with the thin layer at the mating 
interfaces. 

Since what we are interested in is the thin layer  of the plasticized metal in 
the weld line, the effect of body forces on it usually is very small and can be 
neglected. That means that the three body force components gr, gx and gθ can be 
taken as zero. Another assumption is that there is no gradient of velocity and 
pressure in the circumferential direction as the thin layer is in a circular shape. 
Thus, 

  (3) 

Then the second expression in equation (1), which describes the momentum 
balance in circular direction, can be written as 

   (4) 
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As the tangential velocity can be expressed as  , where r, ω represent 
radius and rotation speed of the thin layer respectively, one can replace uθ with 
rω in equation (4), so that 

      (5) 

We can assume the rotation speed of the thin layer decreases linearly along the 
direction of its thickness, that is, hx0  , where the  is the nominal 
angular speed of the rotating part, its typical variation is like the speed curve in 
Fig.1. The symbol x is the local coordinate in the plasticized layer along axial 
direction; it is set a value of zero on the thin layer’s border to the static part and 
a value of h at the border to the rotating part. Then we have  022  x , 
Hence the right side of the equation (5) equals zero, from the left side we can 
further get:   

  

So we have   

Replace ω with ω0 , ur can be further written as 

   (6) 

The continuity equation can also be written as follows after using expression (3) 

  (7) 

Substituting the expression for ur in equation (7) with the expression in equation 
(6), we finally have 

   (8) 

Equation (6) and equation (8) are the formulae we are interested in. 

3.   Discussion and Results 

3.1.   Formation of the internal flash 

Equation (6) and equation (8) are the results of the direct application of the 
Navier-Stokes equations on the circular thin viscous layer of the metal near the 
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weld line. They define the necessary requirement for the velocity fields to satisfy 
the principle of momentum conservation. 

From equation (6), we find that the radial flow speed , i.e., the speed of 
the welding metal flowing in the flash direction, is not only related with the rate 
of axial shortening (upsetting rate) , but also strongly influenced by the 
rotation speed ω. If we look at the first item on the right side of the equation (6), 
which represents the effect of angular velocity, its absolute value is expected to 
increase very quickly at the last seconds of the stage II in Fig. 1, because the 
value of the rotation speed ω0 is nearing zero. 

Further, the rate of the deceleration of the rotation  is found high at this 
moment from the speed curve of the rotary friction welding. From equation (8), 
the upsetting speed  also increases when the rotation is coming to a stop. This 
increase of  leads to a further increase of the radial speed  in equation (6). 
So from these two formulae, we can see that there is an unavoidable rapid 
increase of the radial flow speed of the welding metal due to the cessation of 
rotation in the process. This rapid increase of the radial flow speed  leads to 
the rapid squeezing of the soft material near the weld line at the last seconds of 
the steady state stage, which is also referred as the extrusion phenomenon in 
inertia welding. This extrusion behaviour of material is the cause of the burr 
shown in Fig. 2. Thus the formation of the burr is a direct result of the balance of 
the momentum due to the rapid stop of rotation. 

From equation (6) we also find that the radial flow speed increases with 
an increase in the radius r, which implies that the extrusion of the burr is more 
likely to happen during the friction welding of larger parts. 

3.2.    Prediction of axial shortening 

Equation (8) shows that the axial strain rate  is also influenced by the rotation 
speed. This formula can be used to estimate the upset (axial shortening) of rotary 
friction welding. We can take the axial velocity at the border of the thin layer to 
rotating part as the axial shortening rate of the whole welding part. That means 
the x in equation (8) equals h. Using the deceleration curve shown in Fig. 1, the 
whole upset of inertia welding can be worked out through integration.  

As the effect of the pressure is not included in equation (8), to make this 
formula have general applicability, it can be further modified as follows, 

   (9) 

 where S , 0 , p , t denote axial shortening rate, angular velocity, nominal 
axial compression stress and time, respectively.  C1, C2 are material constants.  
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The first item at the right of equation (9) represents the effect of angular velocity 
of the rotating part, while the second part  mainly the effect of pressure. For mild 
steel EN 3B, the following parameters are tentatively adopted, 

   (10) 

where the unit of S , 0 , p  t  are mm/s, rad/s, MPa and s respectively.  

According to equation (10),  at the start of stage II (equilibrium stage), the 
value of the first item is usually small since the rotational speed changes little, 
the axial shortening is mainly dominated by the pressure of the process, 
however,  the value of the first item increases significantly due to the lower 
down of the rotation speed at the end of this stage,  which accounts for the rapid 
increase of the upset during the last seconds of this period in experimental data. 
The predictions by equation (10) are in broadly agreement with the experimental 
data reported by Duffin et al [11]. 

4.   Conclusions 

In this study, the model of the plasticized layer indicates that the formation of 
the burr is a direct result of the balance of the momentum due to the rapid 
change of angular velocity. The model also shows that the axial shortening rate 
is not only influenced by the material flow rate in side directions, but also by the 
change in the rate of the rotation speed in inertia welding of tubes. The simple 
formula derived to predict the axial shortening is agreeable with the 
experimental data, which could be used to estimate the upset of the rotary 
friction welding. 
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