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Abstract. In this paper, numerical, analytical, and experimental investigations were undertaken
in order to clarify the influence of friction in tubular channel angular pressing (TCAP) as a severe
plastic deformation technique for producing nanostructured pipes. The effects of different Coulomb friction coefficients of 0, 0.025, 0.05, 0.075, and 0.1 on the deformation behavior and required load were investigated using the finite element method (FEM). The results showed that
the friction coefficient in the TCAP has a significant effect on the required load due to the variation
in the friction force during the TCAP. A comparison between the FEM and experimental results
showed that the Coulomb friction coefficient is approximately 0.055 in the TCAP process when
MoS2 was used as a lubricant. The analytical investigation results in the calculation of the equivalent plastic strain were close to those of the FEM when the friction coefficient increased from 0 to
0.1. The die corner gap in shear zone III decreased with the increasing friction coefficient.

1. INTRODUCTION
There has been much interest in recent years in
improving material properties by severe plastic deformation (SPD). There are many SPD methods for
producing ultrafine grained (UFG) and nanostructured
bulk and sheet materials with superior mechanical
properties [1-6], such as equal channel angular
pressing (ECAP) [2,4,5], twist extrusion (TE) [7],
ECAP-conform [8], simple shear extrusion (SSE)
[9], accumulative back extrusion (ABE) [10,11] for
bars, accumulative roll bonding (ARB) [12], continuous confined strip shearing (C2S2) [13], groove
pressing (GP) [14] for sheets, high pressure torsion
(HPT) [3,6,15] for disks. Beside the numerous processes for bulk and sheet materials, some SPD
methods have been developed recently that can produce UFG pipes such as high-pressure tube twisting (HPTT) developed by Toth et al. [16] and accu-

mulative spin bonding (ASB) developed by Mohebbi
and Akbarzadeh [17]. Recently an effective process
based on ECAP named the tubular channel angular
pressing (TCAP), which is suitable for processing
tubes at high strains, was proposed by Faraji et al.
[18]. A schematic of the TCAP is shown in Fig. 1.
The constrained tube between the inner and outer
dies is pressed by a hollow cylindrical punch into a
tubular angular channel. The tube material is pressed
into the tubular angular channel where three shear
events occur in three forming zones (I, II, and III)
during one processing cycle. Three channel angles
( 1, 2, and 3) and three corner angles ( 1, 2,
and 3) determine the total strain, which is the main
factor controlling the microstructural evolution. Because the TCAP process is a new technique, there
are many unknown variables that affect the processing and properties of the processed material. In par-
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Fig. 1. (a) Schematic of the TCAP, (b) process parameters, and (c) images of the inner and outer dies.
Table 1. Physical and mechanical properties of the
AZ91 experimental alloy and process parameters.
Parameter

Value

A[U [Zk MU
[Z
I[aZSkY[PaX
a
Density
Friction coefficient

0.35
41 GPa
1.78 g/cm3
0, 0.025, 0.05,
0.075, and 0.1
90g
0g
90g

2

Fig. 2. Stress-strain curve of AZ91 at 300 g
C.

ticular, the effect of friction on the TCAP processing
needs to be elucidated due to its critical importance
in metal forming.
In the present paper, the effects of friction on the
deformation behavior and required load are investigated using FEM and experimental approaches. An
analytical modeling was also used for a fast solution to the developed plastic strain.

2. FEM AND EXPERIMENTAL
PROCEDURES
A commercial FEM code (Abaqus/Explicit) was used
to perform the numerical simulations. An
axisymmetric model was employed, where the geometrical dimensions and mechanical properties of
the specimens were identical to those of the experiment, enabling the comparison of the simulation results with the experimental ones.
Axisymmetric four node elements (CAX4R) were
used to model the workpiece and dies. In order to
accommodate the predetermined large strains dur-

1
2

=

3

ing the simulations, adaptive meshing (automatic
Y TU
ZScM Y X
[ePDT MNUMe MSMZSU
MZj
Eulerian (ALE) adaptive meshing maintains a highquality mesh under SPD by allowing the mesh to
move independently with respect to the underlying
material. The Coulomb friction and penalty method
were used to model the contact conditions between
the die and the specimen. The die and the punch
were modeled as analytical rigid parts. The friction
coefficients of 0, 0.025, 0.05, 0.075, and 0.1 were
considered. The mechanical properties of the AZ91
alloy shown in Fig. 2 were obtained through a compression test at the TCAP processing temperature
of 300 g
C under a strain rate of 1x10-3 sec-1. The
experimental alloy properties and process parameters are shown in Table 1.
The material used in this study was a commercial AZ91 magnesium alloy. Cylindrical tubes of 20
mm in outer diameter, 2.5 mm in thickness, and 35
mm in length were machined from cast ingots. A
TCAP die was manufactured from hot worked tool
steel and hardened to 55 HRC. The channel angles
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Fig. 3. Equivalent plastic strain contours of the TCAP processed tube with different friction coefficients: (a)
0, (b) 0.025, (c) 0.05, (d) 0.075, and (e) 0.1.

Fig. 4. Equivalent plastic strain versus distance from the inner surface of the processed tube.

, 2, and 3 in the TCAP facility were 135g
, 90g
,
1
and 135g
, respectively. The angle of curvature 2
cM . i
, and both 1 and 3 were equal to 0g
, as in
Fig. 1. The specimens were subjected to TCAP at
300 g
C with a punch speed of 5 mm/min to minimize increases in the temperature during the deformation. The temperature increase was observed to
be less than 5 g
C at a pressing speed of 11 mm/min
[19]. The friction between the specimen and dies
was reduced by applying MoS2 as a lubricant.

3. RESULTS AND DISCUSSION
The equivalent plastic strain achieved during the
deformation is shown in Fig. 3. In all frictional cases,
the equivalent plastic strain in the TCAP processed
tube was smaller along the outer surface than in
the other regions, while it was high in the inner surface in the cases with friction coefficients from 0 to

0.075. It can also be seen that the strain values
after shear zone II for the friction coefficient of 0.075
were higher than the other cases. Fig. 3e shows
that the friction coefficient of 0.1 caused the highest strain value in the tail region. The high strain in
this region is due to the high back pressure effect
under high friction, which is explained in the following session.
Fig. 4 shows the predicted equivalent plastic
strain through the tube thickness shown by the arrows in Fig. 3. The theoretical equivalent plastic
strain calculated from the constitutive equations of
the TCAP proposed by Faraji et al. [18] is also presented in Fig. 4, showing a single uniform value
across the tube thickness. The theoretical equations did not consider the influences of the material
behavior and friction. Hence, the theoretical equivalent plastic strain is a straight line with a value of
approximately 2.69. The FEM simulated equivalent
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(a)

(b)

Fig. 5. Effect of friction coefficient on the gap region between the inner die and processed tube.

Fig. 6. Equivalent plastic strain value versus friction coefficient (the FEM value is the mean of the strain
value through the tube thickness).

plastic strain curves have the same trend in different friction coefficients: decreased strain with the
position from the inside to the outside. It should be
noted that the different friction coefficients derived
different trends in equivalent plastic strain curves in
the conventional ECAP which was noted by
Nagasekhar et al., [20]. The maximum equivalent
plastic strain occurs in the inner surface of the tube
and the minimum occurs in the outer surface of the
tube. In the outer surface, the equivalent plastic
strain value is increased by increasing the friction
coefficient. Also, it can be seen that the mean value
of the FEM results is almost identical to the theoretical value. Thus, there is a reasonably good agreement between the average strain of the FEM and
the theoretical analysis.

Kim et al. [21] mentioned that a corner gap between the die and the workpiece is usually found
during the ECAP of strain hardening materials. Similarly, the real corner angle of the workpiece is an
arc curvature of the workpiece 3 as shown in Fig.
5b, not the die corner angle 3 due to the corner
gap formation. If the die is fully filled by the processed material, the angles of 3 and 3 will be identical. The corner gap rarely occurs in forming zone I
due to the high back pressure that results from forming zones II and III. In forming zone III where the
back pressure is negligible, the corner angle of
the workpiece ( 3) is higher than the die corner
angle 3.
Fig. 5a shows the effect of the friction coefficient
on the 3 value. It can be seen clearly that 3 de-
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Fig. 7. FEM calculated pressing load versus ram displacement during TCAP processing with friction coefficients of 0, 0.025, 0.05, 0.075, and 0.1.

Fig. 8. Peak load calculated for the TCAP of AZ91 from the FEM for different friction coefficients and the
experiment.

creases with the friction coefficient, which is the
same as Yoon et al. [22] results in the conventional
ECAP. Kim et al. [23] mentioned that in the conventional ECAP, the die corner gap causes a decrease
in the equivalent plastic strain as a result of the
increase in the 3 (actual curvature angle on
workpiece). While the analytical calculation is based
on the die corner angle , the FEM calculations are
based on the actual corner angle of the workpiece
; there is a difference between the FEE (mean value
through tube thickness) and the theoretical analysis, as seen in Fig. 6. It should be noted that the
difference decreases with increases in the friction
coefficient, due to the increase in the friction coefficient leading to a small corner gap and consequently

the workpiece geometry develops into the same as
that if the die geometry.
Fig. 7 shows the calculated load plotted against
the ram displacement curves for the TCAP with various friction coefficients. The processing load increases with the friction coefficient due to the additional energy spent in recovering the deformation
resistance in the surface [24]. There are three slope
regions in all cases, corresponding to the three forming zones. The slope decreases with a decreasing
friction coefficient. An important feature in the force
curves is that all curves tend to converge, which
may be attributed to the friction force. Considering
the Coulomb friction type, the friction force is the
friction coefficient multiplied by the normal force.
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During the TCAP, if the tube is divided into two sections axially, before and after the last forming zone
III, the hydrostatic pressure in the regions before
forming zone III is higher, while it decreases zero in
the region after forming zone III. That is, the normal
force in the region before forming zone III is high,
while in the region after forming zone III it approaches
zero. During the processing, the tube region before
forming zone III decreases and the tube region after
forming zone III increases. That is, the friction force
decreases gradually. Therefore, the total force curve
decreases after the tube passes forming zone III in
all friction coefficients. Because the ratio of the friction force to the total force is higher under higher
friction coefficients, the force decrement in the higher
friction coefficients is higher than the smaller decrements.
The influence of the friction coefficient on the peak
load required in the TCAP is shown in Fig. 8. With
increases in the friction coefficient, the peak load
required to pass the tube from shear zone III is increased. Also, the peak loads corresponding to every shear zone are increased. From this figure, when
the friction coefficient is between 0.05 and 0.06, the
peak load calculated from the FEM results is similar to the experimental peak load. Hence, the friction coefficient can be estimated to be approximately
0.055 in the TCAP when the MoS2 lubricant is used
[25,26].

4. CONCLUSIONS
The influence of the friction coefficient in TCAP processing was investigated using FEM analyses and
experimental approaches. Five different friction coefficients of 0, 0.025, 0.05, 0.075, and 0.1 were
employed. The results demonstrates that the friction coefficient had a significant effect on the required load in the TCAP and the required loads for
different friction coefficients converge to the force
for the frictionless case due to the variation of the
frictional force during the TCAP. Comparisons between the FEM analyses and the experimental results demonstrated that the friction coefficient was
estimated to approximately 0.055 in the TCAP when
the MoS2 lubricant is used. The analytical solution
results in the equivalent plastic strain are close to
the FEM results when the friction coefficient is increased from 0 to 0.1. The die corner gap in forming
zone I is almost zero as a result of the back pressure, while it increases in forming zone III and decreases with an increasing friction coefficient.
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