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Abstract:
In the present study, the effect of back pressure on the filling fraction of dies during pure shear 
extrusion, a novel severe plastic deformation process, is investigated by finite element analysis.
The applied load predicted by simulation during the pure shear extrusion process is verified and 
a good agreement between the predicted results at a Coulomb friction factor of 0.12 and 
experiments is found. Next, various amounts of back pressure are applied to a plunger at the exit 
channel of the dies, and their influence on the filling fraction of the die are studied.
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1. Introduction
Severe Plastic Deformation (SPD) can be induced in metals by a number of metal working 
techniques, including High Pressure Torsion (HPT), Accumulative Roll Bonding (ARB), Equal
Channel Angular Pressing (ECAP), pure shear extrusion (PSE) and the like, and are able to 
reduce grain size to submicron dimensions [1]. The common feature of these processes is a high 
imposed strain without significant change in the overall dimensions of the workpiece. This
makes it possible to repeat the deformation processes so that plastic deformations can be 
accumulated, in order to create nanostructures [2]. Thus, the repeatability of a SPD process is a 
key factor in determining the effectiveness of these processes. However, while the entrance and 
exit channel cross sections are the same in ECAP, HPT and PSE and etc., the cross section of a 
severely plastic deformed material is not completely the same as the initial one [3,4]. In other 
words, after SPD processing the exit channel is not necessarily filled with deformed material.
The PSE process, as a novel SPD process, has the potential to produce nanostructured materials 
with a more homogeneous distribution of nano-sized grains. However, when the process is
repeated using a PSE die with the same cross section size as the initial die, the process is not 
efficient, due to the incomplete filling of the exit channel in the first pass. It is generally known
that SPD methods employing back pressure not only apply higher hydrostatic stress and more
deformation compared to what a regular SPD can apply to a workpiece, but also prevent surface 
defects in the workpiece during processing. Employing back pressure in SPD methods also leads 
to an increase in the filling percentage of the exit channel, as reported by Yoon et al [5]. In the
present study incomplete filling of the die is investigated for the PSE process and the effects of 
back pressure on the filling fraction of the exit channel during the PSE process are studied.
2. Die design of pure shear extrusion
A pure shear extrusion die is schematically shown in Fig.1. The shear deformation is imposed at
zones A and C where the initial square cross section of the sample becomes rhombic and then 
changes back into a square while the cross section area is constant. It is claimed that zone B,
where no deformation is imposed on the sample, may lead to a higher filling fraction of the exit 
channel and homogeneity of strain [3]. The cross sectional variation is also illustrated in Fig.1.
The ratio of the long diagonal of the rhombic (EE') to the diagonal of the initial square (DD) 
determines the amount of strain imposed on the billet, which is calculated as [6]:
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The ratio of EE'/DD'=2 is applied in the PSE process modeled in this paper. Both the height of 
the upper deformation zone ( ) and lower deformation zone ( ) are equal to 25 mm, and
the rest zone with a height of = 10 mm is located between two deformation zones. An
aluminum AA1050 billet with a square cross section of 20x20 mm and length of 120 mm was 
used as the initial specimen in modeling. The cross section of the model specimen was the same 
size as the cross section of both the entry and exit channels of the PSE die.

Fig.1. Schematic diagram of pure shear extrusion process (left); gradual variation of the 
cross sectional shape through the dies (right).

3. Finite element modeling
A commercial metal forming simulation software [7, 8] was used to carry out the simulations. 
First a three dimensional finite element analysis of single pass PSE without BP was performed 
using the mentioned billet and die dimensions. The PSE die and punch were assumed to be rigid 
bodies. A constant punch speed of 1 mm/s was applied during simulation. The true stress-true 
strain curve of AA1050 applied in the analyses is shown in Fig.2. Adaptive meshing and 
automatic re-meshing were used and justified for all of the simulations, to prevent failure of the 
mesh during large deformation and to reduce computation time. To validate the simulated
results, the simulations were carried out at a Coulomb friction factor of 0.04 to 0.16, to
determine the friction factor (ц) which presented the best fit to the experimental results of pure 
shear extrusion process [9, 3].

Fig.2. (a) True Stress- true strain curve for AA1050 [10] (b) Variation of applied load 
versus punch displacement in simulation and experiment.

4. Results and discussion



4.1. Validation of simulation
A comparison was made for two aspects, between the FEM and experimental results. The first 
aspect was the variation of applied load during the PSE, while the second one was the filling 
fraction of the exit channel nearby the LDZ. Fig.2b depicts the variation of applied load versus 
punch movement, plotted using the results of FEA and Experiments. As can be seen, by 
increasing the friction factor, the oscillations of the predicted curves increase, due to the high 
amount of deformation load in the forming zones where high contact forces are established. It is
clearly seen that an acceptable agreement between the simulation result and experimentally
reported extruding load is achieved at p = 0.12. This result shows that a comparison of filling 
fraction at this friction factor would be reasonable.

Table 1.
The predicted filling fractions of the cross section of the exit channel at various p. Dark corners 
are the unfilled fraction of the exit channel. The last column is the experimental result [11].

Cross
section of 

the billet in 
exit

channel

P 0.04 0.08 0.12 0.16 Experiment

Filling
fraction% 76.3 81.6 91.2 95.7 91

Table. 1 supports the proposed agreement between the experimental and simulation results at p = 
0.12. As shown, the filling fraction of the cross section at the exit channel calculated by 
simulation with a friction factor of 0.12 is near to the filling fraction of 91%. It is apparent from 
the results that by increasing the friction factor, the filling fraction of the exit channel is 
enhanced, due to the large value of p. This indicates there is a high level of opposing force 
against the metal flow during the PSE process. These forces play the role of BP and push the 
billet to increasingly fill the exit channel of the die. One may conclude that applying BP during

| this process may increase the chance of die filling, and producing a sound billet with a 100% 
filling fraction.
4.2. Back pressure effects
In order to understand the effect of BP, the above verified finite element model was modified by 
locating a plunger at the beginning of the exit channel. AA1050 Aluminum alloy was employed 
as the model material again by varying the BP to 0, 100 and 200 MPa. The Coulomb friction 
factor in the model was set to 0.12, which represented the predicted results nearest to the 
experiment.

Fig.4. Effect of BP on the filling fraction of the exit channel in the PSE process (a) 
without BP (b) with a BP of 100 MPa (c) BP of 200 MPa.



Fig.3 illustrates the effect of BP on the filling fraction of the deformation cavity of the PSE die.

Fig.3. Effect of back pressure on filling of deformation cavity in the PSE process (a) 
without BP (b) with BP.

As depicted, during the initial stages of PSE without BP the material enters the exit channel 
while the deformation zone, including UDZ and LDZ, are not filled completely. In an effort to 
apply a higher shear stress on the material and increase the filling fraction of the deformation 
zone and exit channel, the plunger was located as demonstrated in Fig. 3b. It was clear that the 
backward pressure against the movement of material forced it to fill in the deformation zones. 
The effect of BP on the filling fraction of the exit channel is illustrated in Fig.4. As can be seen,

| when the BP is increased from zero to 200 MPa, the unfilled areas (white areas) are reduced. To 
investigate the effects of BP more precisely, the filling fraction of the exit channel was 
defined using Eq.2:= (1 - ) X 100 (2)
where is the height of the completely filled part of the exit channel and 
the exit channel (see Fig.4).

, the total height of

Fig.5. Effect of BP on the filling fraction of the exit channel and the contact area between dies 
and billet in the PSE process.

The amount of at various applied BP is presented in Fig.5. It should be noted that applying a 
back pressure higher than 200 MPa causes some amounts of plastic deformation at the interface 
of the plunger and the head of the severely plastic deformed workpiece.



Fig.6. Variation of predicted forming load versus punch displacement at various BP

Fig.6 exhibits the variation in the predicted forming load versus the punch movement in the 
presence of BP. It can be seen that the forming loads are the same at the primary stages of the 
processes, but imposing the BP will raise the final forming load. The comparison between the 
load curves of PSE without BP and with a BP of 200 MPa shows growth of about 50% in the 
final applied load for the PB-PSE process. One may note that during the PSE with a BP of 100 
MPa, and without BP, the applied load curves adapts before the stroke of 120 mm, while for the 
PSE with a BP of 200 MPa the separation of the applied load curves occurs at the stroke of 65 
mm. A more precise look at the simulation process reveals that this inconformity between 
forming loads happens immediately after the filling of the deformation cavity by the material.
5. Conclusions

In this study, a finite element analysis of the pure shear extrusion process was performed and the 
effects of back pressure on the filling fraction of die was investigated with the help of the 
simulation. The study revealed the following outcomes:
1. The experimental results verified the predicted applied load in the PSE process, and 
simulating the process at a Coulomb friction factor of 0.12 was in a good agreement with the
experiments. Comparing the predicted filling fraction of the exit channel in the PSE process with
the experiments also demonstrated that the simulation with a p of 0.12 provided acceptable 
results.
2. The filling fraction of the die exit channel was increased by applying back pressure. In fact, 
applying a back pressure equal to 200 MPa produced a severely plastic deformed billet with the 
fewest unfilled areas. Moreover, it was found that applying a back pressure of 250 MPa may 
cause deformation at the interface of the plunger and deformed billet.
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