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Abstract

The effects of die geometry on the deformation behavior of aluminum 6061 alloy tube in a novel severe plastic deform-
ation (SPD) process called tube channel pressing (TCP) were studied using the Abaqus 6.10 software. Using the
optimized die geometry, | to 3 passes of TCP is imposed not only to validate the simulation results, but also to
investigate the performance of TCP as a SPD process. The finite element method (FEM) simulation results show that
the moderated plastic strain, the lower inhomogeneity in distribution of plastic strain, and the lower risk of fracture
during process can be obtained using the proper die geometry. In addition, the imposed strain is a mixture of shear strain
and hoop strain accompanying with little bending strain which makes it relatively different from conventional SPD
processes. Experiments shows that the experimentally obtained load—displacement curve of TCP is very close to its
FEM predicted counterpart which validates the FEM simulation results. Additionally, after imposing of 3 passes of TCP to
6061 alloy, the grain size of the tube is decreased from a few tens of microns to less than | um while the yield strength is

increased from | [0 MPa to 325 MPa which show the capability of TCP as a SPD process for tubes.
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Introduction

Severe plastic deformation (SPD) processes have been
characterized during last decades because of their cap-
abilities in the mechanical properties improvement
and the materials grain refinement.! As a result, dif-
ferent processes such as equal channel angular press-
ing (ECAP) for rods, high-pressure torsion (HPT) for
disks, and accumulative roll bonding (ARB) for sheets
are the famous ones developed for SPD of
materials.>

Although, many SPD processes have been intro-
duced for different shapes of materials,! the SPD of
tubes has been remained less considered and few stu-
dies have been focused on it. For example,
Naghasekhar et al.” have tried to develop ECAP for
tubular elements. In this process, a close-ended tubu-
lar element is subjected to ECAP process which causes
shear strain. The inner and outer angles of channel in
this process are reported to be 30° and 150°, respect-
ively. This results to the average plastic strain of
about 0.3 in each pass of this process which is impres-
sively lower than the average strain of other SPD
processes. For comparison, each pass of ARB and
orthogonal ECAP imposes the average strain of
about 0.8 and 1.15, respectively. In addition, the

tubular ECAP uses close-ended tubular element
which limits the application of this process. Toth
et al.’° have developed high-pressure tube twisting
(HPTT) process for SPD of tubes. In this process,
the tube is subjected between a pressing mandrel
inside the tube and a twisting rigid disk outside of
tube which causes incidence of shear strain in tube
wall. Although, this process is capable to impose
relatively high strains as about 10, some problems
such as the high strain inhomogeneity, the earring of
tube during deformation and the limitation of the
tube length restrict the application of this process.
Based on the ARB process, Mohebbi and
Akbarzadeh’ developed a new SPD process for tube
named accumulative spin bonding (ASB). In this pro-
cess, two tubes with different diameters are inserted
and bonded by a cylindrical rotating roller. The main
disadvantage of this process is using tubes with
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Figure 1. Principles of TCP.

Table |. Geometrical parameters of simulated TCP dies.

Die code Rdie (mm) Igie (MM) RDCR RHDC
3.75D0.75 3.75 0.75 0.29 0.058
3.75DI.5 3.75 1.5 0.29 0.115
3.75D2.2 3.75 2.2 0.29 0.17
7.5D0.75 75 0.75 0.58 0.058
7.5DI1.5 7.5 1.5 0.58 0.115
7.5D3 75 3 0.58 0.23
15D0.75 15 0.75 I.15 0.058
I5DI.5 15 1.5 I.15 0.115
15D3 15 3 I.15 0.23

different diameters. In addition, the distribution of
strain is relatively inhomogenous in this process. To
overcome the limitations of SPD of tube, a new pro-
cess for SPD of tube has been recently introduced®’
named tube channel pressing (TCP).

As shown before, the die geometry can affect the
SPD processes extensively and the improper die

geometry results to different difficulties such as the
strain inhomogeneity and the fracture during SPD pro-
cess.'®'? On the other hand, since TCP is relatively a
new process, the effect of die geometry in this process
has not yet been studied. Regarding so, the aim of this
work is to study the effect of die geometry on the
deformation behavior of tube during TCP.

Principles of TCP

As shown in Figure 1(a), the tube is pressed through a
bottleneck region between the die and the mandrel
during TCP which causes a successive decrease and
increase in the tube diameter. This leads not only to
impose hoop strains, but also to change of the tube
wall curvature which causes shear strains.®

The surface of the die in the bottleneck region
consists of three tangent circles as can be seen in
Figure 1(b) and (c). As shown in Figure 1(c), the geo-
metrical parameters of the die can be presented as:
length of deformation zone (Hg,.), height of die
convex (Arge), contact angle of circles (64.), and die
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Figure 2. Distribution of plastic strain and shape of specimen using different dies: (a) dies with curvature radius of 3.75 mm; (b) dies
with curvature radius of 7.5mm; (c) dies with curvature radius of 15mm.

curvature radius (Rg.). Regarding so, these param-
eters have the following relations

Argie = 2Rgie(1 — 08 Bgie) (1)
Hdie - 2Rdie sin Qdie (2)

As a result, the die geometry can be defined by two
independent parameters such as Ry, and Arg.. The
deformation behavior of tube during TCP is also related
to the dimension of tube. Thus, the effect of die geom-
etry must be studied by dimensionless ratios such as
relative die curvature radius (RDCR = R/ R;5.) and
relative height of die convex (RHDC = Arg,/Rupe)-
Here, R, is the outer radius of tube. The mandrel
geometry also affects the deformation behavior of
tube during TCP which was studied previously.’

Procedure, experiments, and material

Deformation behaviors of tube in nine TCP dies with
different geometries were simulated by Abaqus 6.10.
The geometrical parameters of the studied dies are
shown in Table 1. As can be seen, the RHDC and
RDRC are ranged 0.058-0.23 and 0.29-1.15, respect-
ively. The inner and outer diameters of used tube were
19 mm and 26 mm, respectively. The mandrel for each
die was designed regarding the optimized mandrel
design proposed previously.® In this mandrel design,
the tube wall cross-sectional area in the middle of
deformation zone was equal to its magnitude before
deformation and the mandrel curvature radius was
selected similar to the die curvature radius to prevent
the thinning of tube during process. The material of
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Figure 3. The plastic strain versus die geometrical parameters of TCP.

RDCR: relative die curvature radius.

tube was supposed to be solid solution treated alumi-
num 6061 alloy.

The applied solution for FEM simulations was
“dynamic explicit” method based on Lagrangian for-
mulation. Regarding the axial symmetry of TCP pro-
cess, a 2D axi-symmetric model was applied to reduce
the needed calculations. The tube was considered as
deformable while other parts were considered as dis-
crete rigid. The die and mandrel were meshed by the
RAX2 one-dimensional elements. The mesh size of the
die and mandrel was considered as 14mm out of
the deformation zone while it was considered as
0.5mm in the deformation zone in order to define
smooth pattern of this zone. The tube was meshed
using the CAX4R two-dimensional elements. The
mesh size of tube was considered 0.5 x 0.5 mm?. To
investigate the effect of mesh size, one simulation was
carried out by halved mesh size. This simulation
showed negligible difference with original simulation.
For example, the maximum difference in the plastic
strain was less than 5% in each point.

Concerning high strain imposed during SPD pro-
cesses, stress—strain relation of the used alloy should be
obtained regarding the basis of dislocation models. One
of the most applied dislocation model is ETMB (Estrin,
Toth, Molinari, and Brechet) model,"* which predicts
the strength of alloy considering the microstructural
evolution. On the other hand, ETMB model for alumi-
num is identically matched to Voce relation'* as shown
before.'” Thus, stress—strain relation of used alloy is
extrapolated using Voce relation presented below

07 = 0 — (00 — o0)exp(—ke,) 3)

where ¢, is the plastic strain, oy is the flow stress, o, is
the saturation stress, oo is the flow stress before
deformation, and k is a material constant. The
amounts of parameters for Voce relation were calcu-
lated by comparison of the strength of used material
before and after imposing different plastic strains as
presented before.’

Since high strain is imposed during SPD processes,
the risk of fracture during process should be considered.
The most probable mechanism in fracture of ductile
metals such as the aluminum 6061 alloy is reported to
be nucleation, coalescence, and growth of voids.'® As a
result, Ayada fracture criterion'” can be used to predict
fracture initiation during process as below

&f
/ Im g, =1 4)

CO‘f

where o, is the hydrostatic stress, &/ is the fracture
strain, and ¢ is a material constant. The amount of ¢
was calculated about 0.33 using the results of tension
experiments on the as solution treated material.

In order to validate the FEM simulation results
and to study the effect of TCP on materials properties,
experimental studies were performed using optimum
die geometry. For this purpose, solid solution treated
aluminum 6061 alloy tube with chemical composition
of Al-1.01 Mg—0.49Si-0.31Cu—0.24Fe-0.06Cr wt%
was used. MoS, aerosol was used for lubrication of
die, mandrel, ram, and specimen surfaces. To investi-
gate the strengthening effect of TCP, tension test
was performed on TCP processed tubes at strain
rate of 5x107*s™! using standard specimens.®
Microstructural studies were also carried out on
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Figure 4. Distribution of Ayada fracture criterion using different dies: (a) dies with curvature radius of 3.75 mm; (b) dies with
curvature radius of 7.5mm; (c) dies with curvature radius of 15mm.

processed tubes by optical microscope and transmis-
sion electron microscope (TEM) to investigate the
effect of TCP on refinement of tube microstructure.

Results and discussion
Deformation behaviors of tube in different dies

Figure 2 shows the simulated distributions of plastic
strain and the shapes of specimens using different dies.
As can be seen, the higher RHDC causes the higher
plastic strain and higher inhomogeneity in the distri-
bution of plastic strain. For example, the plastic strain
is more than 2 in the middle of the tube wall using the
3.75D3 die. Although, this is a remarkable strain, the
distribution of strain is very inhomogenous in this die

which results to decrease of strain to about 1 in the
outer side of tube. Additionally, very low RDCR
results to thinning of the tube wall as can be observed
in 3.75D2.2 and 3.75D1.5 dies. Considering
Figure 2(a) to (c), it can be inferred that the increase
of RDCR in a constant RHDC results to lower plastic
strain.

Figure 3 presents the average plastic strain versus
die geometrical parameters. As can be seen, the aver-
age plastic strain is rapidly increased with increasing
of the RHDC while it is moderately increased with
decreasing of RDCR. In addition, the relation
between the average plastic strain and RHDC is rela-
tively linear. Comparatively, any decrease of RDCR
to half results to an increase of about 0.2-0.5 in aver-
age plastic strain.
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Figure 5. The inhomogeneity factor versus the geometrical parameters of TCP.

RDCR: relative die curvature radius.
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Figure 6. Comparison between simulated load-displacement curve and experimental load—displacement of TCP using 7.5D1.5 die.

Considering what told above, one may compare
the effect of geometrical parameters of a die (R,
and Arg,) with the deformation behavior of tube
during TCP. In fact, each of geometrical parameter
is represented by one dimensionless parameter.

Therefore, the change of deformation behavior by
variation of one geometrical parameter can be rea-
lized by analyzing the effect of its dimensionless coun-
terpart on deformation behavior. For example,
increase of RHDC is interpreted as increase of Argj,,
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which results in higher variation of tube diameter
during TCP. This increases the amount of imposed

Stress (MPa)
%é Pressing Direction hoop strain which causes increase of the average plas-
1 l tic strain as illustrated in Figure 3. In addition,
i decrease of RDCR is interpreted as decrease of Ryi.

This causes impression of more severe shear strain on
tube wall which results in increase of the average plas-
tic strain as illustrated in Figure 3.

Figure 4 shows the distribution of Ayada fracture
criterion in different dies. As can be seen, the higher
RHDC causes higher probability of fracture during
TCP. For example, the amount of Ayada fracture
criterion is higher than 1 in some parts of specimens
processed by 7.5D3 and 15D3 dies. Considering
equation (4), the fracture can be started when the
Ayada fracture criterion crosses the critical value of
1. Therefore, the fracture of specimens can be
expected during processing of tube by these dies. As
a result, it can be demonstrated that although the
higher RHDC causes higher plastic strain, selection
of very high values for RHDC is not desired due to
the high risk of fracture.

Figure 5 shows the variation of inhomogeneity
factor (IF) of plastic strain in different dies. Note
that the IF can be obtained as

a!'l'

N
N
[==]

Die

o

Figure 7. Distribution of stress tensor components for
7.5D1.5 die. IF = Emax — Emin (5)

Eaverage

Here, €pnax, €min, and &uperqge are the maximum,
minimum, and average plastic strains in the tube
soxa e wall, respectively. As can be seen in Figure 5, the
] b2 higher RHDC causes higher IF. Additionally, utiliz-
EOIE -0 Pressing Direction 1701

] e ing the medium range of RDCR results to moderated

LE-BL -B.E-12
LEE-8 l -L3E-01

Zwea IF while high or low value of RDCR causes increase
in IF. Also, high RDCR results to rapid increase in IF
versus RHDC.

The selected die geometry for SPD of tube should
result to reasonable and homogenous plastic strain,
low risk of fracture, and low variation of tube dimen-
sions during process. Regarding so, one may compare
the effects of RHDC with those of RDCR on
the deformation behavior of tube during TCP. For
example, the increase of RHDC results to a notable
increase of the plastic strain. However, this can also
result to the higher strain inhomogeneity and
the higher risk of fracture during process. On
the other hand, the decrease of RDCR results to
the moderated increase of plastic strain but causes
the risk of thinning of tube during process.
Additionally, the minimum strain inhomogeneity is
obtained in the moderated amount of RDRC.
Comparing the presented results in Figure 2 with
those in Figure 5, it can be inferred that the optimum
die geometry can be achieved by selection of the
RHDC and RDCR in ranges of 0.08-0.15 and
Figure 8. Distribution of strain tensor components for 0.5-0.7, respectively. Thus, the 7.5D1.5 die is selected
7.5D1.5 die. for experimental studies.

Die
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Figure 9. Tensile stress—strain curves of aluminum 6061 alloy before and after | to 3 passes of TCP using 7.5D1.5 die.

Simulated load—displacement curve of TCP using
the 7.5D1.5 die is compared with experimental result
in Figure 6. As shown here, similar trend can be seen
in load—displacement curves obtained by experiment
and simulation. As an illustration, the load is negli-
gible just after start of ram displacement since edge of
the tube wall bends easily and continues its way to the
empty bottleneck region. The amount of friction is
also negligible due to clearance of die/mandrel and
tube. Therefore, a notable increase of load starts
only when the bottleneck zone is filled by tube and
the tube wall becomes thicker which causes the
increase of deformation load and frictional load,
respectively. After a rapid increase, the load reaches
to a plateau which represents the steady-state step of
process. Considering these similarities between results
of simulation and experiment, it can be inferred that
the applied simulation is a valid approach for predic-
tion of tube deformation behavior during TCP.

Strain and stress condition in TCP

Figure 7 shows the simulated distribution of stress
tensor components in the specimen during TCP. As
can be seen, the amount of shear stress (o,.) is dras-
tically shifted in the deformation zone which shows
the incidence of shear strain in this zone. On the other
hand, extensive variation of o.. in the veer points of
tube wall in deformation zone represents appearance
of the limited bending deformation regions. In add-
ition, a remarkable amount of stress can be traced
after deformation which illustrates generation of
residual stress in tube during processing by TCP.
Figure 8 shows the simulated distribution of strain
tensor components in the specimen during TCP. As

shown here, the shear strain (e..) is drastically
increased in the entrance region of deformation
zone, which represents the incidence of the shear
strain in the TCP process mentioned before. The
shear strain is mainly concentrated in the middle of
the tube wall thickness and its amount is very
low inside or outside of the tube. Negative amounts
of hoop strain (g4) can be also observed in the middle
of deformation zone. The absolute value of gy is
impressively higher in the internal side of tube wall
which represents higher hoop strain inside the
tube. Additionally, the absolute amount of e.. is
highly shifted on the veer points of tube wall which
represents the incidence of bending strain in these
points. These veer points are located inside or out-
side of the tube near the tube surfaces as can be
seen in Figures 7 and 8. The mesh distortion near
these surfaces also shows the Ilimited bending
strain in these regions. Considering these results, it
can be inferred that the plastic strain imposed by
TCP is a mixture of the shear strain, hoop strain
and limited bending strain. This makes the TCP dif-
fers from other SPD processes where the imposed
strain is usually pure. As an illustration, in the
ECAP and the HPT, the mode of imposed strain is
pure shear.

Capabilities of TCP as a SPD process

Figure 9 compares the results of tension test for
specimens processed by 0 to 3 passes of TCP. Note
that the TCP process is carried out using 7.5D1.5 die
which imposes average plastic strain of about 1 in
each pass. As shown here, TCP causes a notable
increase in strength. For example, the yield strength
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Figure 10. Microstructure of aluminum 6061 alloy: (a) before TCP; (b) after 3 passes of TCP. Note that arrows indicate grain

boundaries in Figure 10(b).

of 3 passes TCPed specimen is increased to 325 MPa
compared with 110 MPa before imposing TCP pro-
cess. Similarly, increasing the yield strength of alumi-
num 6061 alloy to about 350 MPa was reported after
imposing equivalent strain of about 4 using ARB and
ECAP.'®! Thus, the capability of TCP in increasing
of strength is comparable with other SPD processes
such as ARB and ECAP.

Figure 10(a) presents the microstructure of tube
before TCP. As can be seen, the size of grains
before TCP was in range of a few tens of micrometer.
Figure 10(b) shows the microstructure of tube after
imposing 3 passes of TCP. As shown here, the size of
grains is decreased to less than 1 um after 3 passes of
TCP. This illustrates that a notable grain refinement
can be obtained by using of TCP. This is also com-
parable with the grain size of 0.5 um after imposing
equivalent strain of about 4 to aluminum 6061 alloy
using ECAP and HPT processes as reported
earlier.?*?!

Conclusions

Considering the results of this work, it can be con-
cluded that:

1. In order to obtain the moderated plastic strain and
prevent the increase of strain inhomogeneity, the
thinning of tube wall and the risk of fracture, the
RDCR and RHDC of TCP process should be
selected as 0.5-0.7 and 0.08-0.15, respectively.

2. Plastic strain imposed by TCP is a mixture of the
shear strain and the hoop strain accompanying
with limited bending strain. This makes the TCP
differs from conventional SPD processes where the
strain is pure.

3. The capability of TCP in grain refinement and
mechanical properties improvement of materials
is comparable with other SPD processes such as
the ARB, ECAP, and HPT.
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