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a b s t r a c t

A new severe plastic deformation (SPD) method entitled Tube Channel Pressing (TCP) is proposed. In this
study, the ability of TCP on strength improvement and grain refinement is assessed. This method is based
on pressing a tube through a tubular channel die with a neck zone. Utilization of a mandrel fitted inside
the tube prevents the crumpling of tube and preserves its initial dimension. Due to the symmetric design,
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after one pass, the die is rotated upside down and the second pass is applied by pressing the tube in inverse
direction. Ultimate strength of a commercial purity aluminum tube after 5 successful passes is improved
to 2 times of the initial strength. Analytical calculations and simulation of this process accompanied by
commercial finite element code ABAQUS/Explicit demonstrate that the total average equivalent strain of
1.2 is imposed in each pass. Furthermore, hardness distribution through tube thickness is assessed. Then,
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. Introduction

In 20 recent years, producing ultrafine-grained (UFG) materi-
ls due to their superior physical and mechanical properties has
ttracted a great deal of attention. Many methods have been intro-
uced for producing these materials in bulk forms of rods, sheets
nd disks, without any contamination or porosity; named severe
lastic deformation (SPD) [1]. Some of the most successful SPD pro-
esses for producing UFG rods are equal channel angular pressing
ECAP) [2,3], cyclic extrusion compression (CEC) [4]; accumulative
oll bonding (ARB) for sheets [5]; and high pressure torsion (HPT)
or disks [6]. Nevertheless, economic feasibility, low productivity
ate, fabricating convenience and eventually confined industrial-
zation of these materials are still of a big concern [7]. Moreover,
imited works have been carried out on development of tubu-
ar UFG materials, such as high pressure tube twisting (HPTT) [8]
nd Accumulative Spin-Bonding (ASB) [9]. However, tubes are the
ost practical essentials in aerospace, automobile, building con-

truction, petroleum industries, etc. Therefore, it is sensible to pay
urther attention for these sorts of UFG materials.

In this study, a new SPD process has been introduced for tubes;

amed Tube Channel Pressing (TCP) and shown schematically in
ig. 1(a). Comparing this process with the HPTT method, some
dvantages can be mentioned: (1) More homogeneous strain can
e imposed to tube through TCP, (2) the tools for TCP are simple
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nt of tubular samples after each pass is determined.
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and thus it requires low cost, (3) the longer tubes can be produced
through TCP. Moreover, the advantage of TCP over ASB is that in
ASB it may be possible to find imperfect bond between layers.

2. Principle of TCP

The principle of TCP deformation is based on pressing a tube
through the channel which has a neck zone shown in Fig. 1. A
mandrel is utilized to make a tubular channel and prevents the
crumpling of tube. In this manner, through passing the tube from
neck zone, the thickness of tube remains constant. After applying
one pass, the ram is pulled out and the whole die is rotated 180◦ ver-
tically, and the second pass is applied in the same manner (Fig. 1(b)
and (c)).

3. Strain analysis

Illustration of tubular channel in Fig. 2 can be useful in order to
analyse the applied strain in each pass. In this regard, deformation
zone (neck zone) is separated to 3 regions with a similar radius of
curvature; named: (i), (ii) and (iii) (Fig. 2(b)). Each of these sym-
metric regions resembles the ECAP die introduced by Luis Pérez
(Fig. 3) [10]. This ECAP die has some similarities with the regions in

TCP die: (1) the same inner and outer radii in the deformation zone,
(2) the constancy of channel section throughout the die. However,
there is a disparity between axisymmetric configuration of TCP
and 2-dimensional layout of ECAP which necessitates additional
consideration.

dx.doi.org/10.1016/j.msea.2011.03.012
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:mkazemi@sharif.edu
dx.doi.org/10.1016/j.msea.2011.03.012
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Fig. 1. Schematic and procedure of TCP; (a) beginning of the first pass, (b) the end of the first pass and (c) beginning of the second pass.

Fig. 2. Schematic of (a) TCP die and (b) deformation zone in channel (three curvatures named i, ii, iii).
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Fig. 3. ECAP die with equal fillet radius introduced by Luis Pérez [10].

According to the Misses criterion, Eq. (1) [10] calculates the
quivalent strain in the ECAP die with equal fillet radius (Fig. 3),
nd also it is capable of roughly calculation of equivalent strain for
ach region of TCP die:

¯ von-Mises = 2√
3

cot
(

˚

2

)
(1)

here, ˚ is the angle of shearing in each curvature. The angle of
urvatures (i) and (iii) is 158◦, and that of curvature (ii) is 136◦

Fig. 2(b)). So, the equivalent strain in TCP die after one pass is,
.224 (for curvature (i)) +0.470 (for curvature (ii)) +0.224 (for
urvature (iii)) ∼= 0.92. Moreover, the tube cross section area is
onstant through passing the neck zone. Since after decreasing
ube diameter, it is deformd back to the initial dimension, the
elated homogenous strain must be doubled. Hence, the homoge-

ous strain can be calculated as follows [11]:

¯ Hom = 4√
3

ln
(

Dm

dm

)
(2)

Fig. 4. ABAQUS simulation; strain distribution after 1
Fig. 5. Tensile sample from the tube.

where, Dm is the average diameter of inner and outer sides of the
channel and dm is the average diameter of the inner and outer sides
of the neck zone, i.e. 22.5 mm 19.5 mm, respectively. Therefore,
total effective strain achieved after one pass is:

ε̄eff. � ε̄von-Mises + ε̄Hom. = 0.92 + 0.33 = 1.25 (3)

TCP exerts appreciable strain, however for authenticity; this
value is analogized with the value obtained from finite element
code ABAQUS/Explicit simulation. The simulation is based on sym-
metrical model which has identical geometrical and mechanical
properties as those for experimental operations. In this regard, the
approximate strain that accumulated at the middle of tube thick-
ness is calculated 1.2 (Fig. 4), which is consistent with the value
achieved from analytical calculation. Moreover, from the magni-
fied region and configuration of the elements, it can be concluded
that the deformation mainly occurs in shear mode.

4. Experimental procedures

Tube of 26 mm outer and 19 mm inner diameters was selected
from commercial purity aluminum (AA1050) and cut into 70 mm
long pieces and then annealed at 623 K for 3 h.

Surfaces of aluminum samples and internal die surfaces were
sprayed with MoS lubricant. The die was stood vertically and the

sample was inserted by a ram into the channel (Fig. 1(a)). TCP was
carried out with a 1000 kN hydraulic pressing machine at a ram
speed of 0.5 mm/s at room temperature. The applied load in this
process was in range of 40–80 kN.

TCP pass in the longitudinal section of a tube.
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(2 2 0) and (3 1 1) in all samples are noticeable. Consequently, in
this study these four peaks of crystalline planes are considered for
grain size calculations.
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Fig. 6. Locations for mea

In order to study the mechanical properties of the aluminum
ubes after TCP, tensile and hardness tests were carried out. Ten-
ile samples were cut out from longitudinal direction of the tube
ccording to the ASTM E8M (Fig. 5).

Vickers hardness test was carried out on the cross section of the
ube. The average hardness value of each sample was achieved from
0 different points on the cross section area. Also, to investigate the
ariation of hardness across the thickness of the tubes after TCP,
ickers micro harness test was carried out on 7 equidistant points

n radius direction on the cross section (Fig. 6).
To investigate the microstructure evolution achieved from

CPed tube, X-ray diffraction (XRD) peak profile analysis was con-
ucted on a Philips X-ray diffractometer using Cu K� radiation that
quipped with a graphite monochromator. The X-ray patterns of
amples were obtained in the range of 10–80◦ and in the step width
f 0.02◦. For calibration of the instrumental line broadening, SiC
owder was examined in the same condition. Resolving full-width
t half-maximum (FWHM) for all peaks was carried out using the
oftware configured with the XRD system. The XRD patterns were
chieved from center of the 15 mm × 10 mm × 1 mm samples, cut
rom longitudinal direction of TCPed tubes. The analysed area was
ocated 1.5 mm deep from outside wall of the tube (Fig. 7).

An approved reliable based-model approach of X-ray diffraction
ine profile analysis that utilized in this study is Williamson–Hall

ethod [12]. Correspondingly, crystalline size and lattice equiva-
ent strain can be resolved by measuring the deviation of line profile

rom perfect crystal diffraction. In the Williamson–Hall method,
here is a relation between FWHM (ˇ), crystallite size (t), and the
istortion function (f(ε)) (explained in Refs. [12,13]), by the follow-

Fig. 7. Schematic of prepared sample for XRD analysis.
Vickers micro hardness.

ing equation [13]:

ˇ cos � = ��

t
f (ε) sin � (4)

where � is the Bragg angle, is the wavelength and � is the Scherer
constant. Considering Eq. (4), the intercept of the plot � cos � versus
sin � gives the cell size and the slope gives the crystal strain.

Commercial diffractometer contains the instrumental profile
besides the intrinsic profile (pure diffraction profile). In this regard
the Gaussian–Gaussian function can be employed to correct the
integral breadths of intrinsic profile [12]:

ˇ2
exp

∼= ˇ2 + ˇ2
ins (5)

where ˇ, ˇexp and ˇins are the integral breadth of the intrinsic,
experimental and instrumental profile, respectively. The XRD pat-
tern of the 5 TCPed sample can be seen in Fig. 8. Four intense
diffraction peaks related to the crystalline planes of (1 1 1), (2 0 0),
Fig. 8. XRD patterns for TCPed Al tubes.



5070 A. Zangiabadi, M. Kazeminezhad / Materials Science and Engineering A 528 (2011) 5066–5072

ss and

5

5

c
i
a
p
o
v
c
t

o
s
r
p

t
b
r
i
C
t
r
r

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html
Fig. 9. The effect of strain on the (a) yield stre

. Results and discussion

.1. Mechanical properties

The results of tensile tests after 1–5 successful TCP passes that
arried out without any rupture or cracks on the tube are shown
n Fig. 9(a) and (b). As can be seen in Fig. 9(a), yield stress of an
nnealed sample is increased from 47 MPa to 92 MPa after 5 TCP
asses, and ultimate tensile stress (UTS) reaches from 91 MPa to
ver than 185 MPa (Fig. 9(b)). Slight decrease in the yield and UTS
alues in final passes may be related to flow-softening or micro-
racks through SPD [14,15]. However, the strength variation reveals
he effectiveness of TCP for strengthening the Al tubes.

Moreover, Fig. 9(a) and (b) shows tensile test results of some
ther SPD processes such as ECAP [16,17], ECAP-Conform [18], con-
trained groove pressing (CGP) [19] and CEC [20]. Comparing these
esults with those achieved from TCP reveals the reliability of the
resented method in strength improvement of tubular materials.

Fig. 10 demonstrates the values of uniform and fracture elonga-
ion and the relationship between those. As shown in this figure,
oth of these elongations after TCP are decreased, however, they
emain constant and are slightly increased after second pass. Sim-
lar trends have been observed in number of metals such as Al,

u and some aluminum alloys through SPD [2]. It is proposed that
his phenomenon originates from grain boundary sliding and grain
otation mechanisms during deformation [21]. Furthermore, Fig. 10
eveals that the ratio of non-uniform elongation to uniform elon-

Fig. 10. The effect of strain on the elongation through TCP.
(b) UTS through TCP and other SPD methods.

gation is increased with increasing the pass number. In other word,
the main tensile strains are achieved in the state of plastic instabil-
ity. This phenomenon, reported earlier, may have its origin in the
tendency of superplasticity of SPDed materials [19].

5.2. Hardness

The results of Vickers hardness of samples that obtained from
the tubes in annealed condition and after TCP are shown in Fig. 11.
Furthermore, the hardness values of commercial purity aluminum
samples processed by other SPD processes, such as ECAP [16], CGP
[19], CEC [20] and HPT [22] are compared with those of TCPed
specimens.

In a general manner, increasing trends of yield stress, UTS and
hardness are sharp in initial passes and then get a lower rate in
final passes. The strength and hardness of tubes through TCP can
be increased up to 2 times of those for annealed tube. These results
are consistent with those of other SPD processes.

The results of micro hardness within the thickness of the tube
are shown in Fig. 12. The arched trends of the Vickers micro
hardness in this figure represent the moderate inhomogeneity of
hardness with higher value at mid thickness and lower values at
the inner and outer sides of a tube wall. Inner side of the tube has

higher hardness value than that in outer side (Fig. 12). It should
be noted that the variations of hardness value within the thickness
is consistent with the calculated strain variations shown in Fig. 4.
Also, a similar result has been reported in ECAP [23]. Moreover, the

Fig. 11. Macro hardness data for commercial purity Al after processing by TCP and
other SPD methods.

kheyri
Highlight
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Williamson–Hall method, the crystallite size in each pass is deter-
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Fig. 12. Micro hardness along tube thickness in each pass.

oderate variation of hardness in thickness shows an advantage
ith respect to that of HPTT.
.3. Stereo microscopy

Longitudinal samples cut from the tubes were polished to reach
mm deep in thickness. Then, they were etched with modified

Fig. 13. Metallographic images of (a) an annealed Al tube, (b) a TCPed Al tub
e and Engineering A 528 (2011) 5066–5072 5071

Poulton’s reagent solution [24]. Finally, they were investigated by
stereo microscopy accompanied by two-illuminations. The stereo
microscopy of annealed sample shows extremely large average
grain size, approximately 1000 �m (Fig. 13(a)). After 3 TCP passes
the average grain size of Al tube is nearly reduced to 400 �m
(Fig. 13(b)), and after 5 TCP passes it reaches to less than 200 �m
(Fig. 13(c)). As shown in these figures, deformed microstructures of
TCPed samples preserve their initial equiaxed grain structures. This
is due to the two opposing shear modes of deformation in the neck
zone (Fig. 4) which explained earlier. These two opposing shear
modes of deformation, accompanied with the homogenous mode
of deformation, lead to grain refinement without any significant
change on the grains shape.

5.4. XRD analysis

X-ray diffraction peak profile analysis provides an effective
tool for the investigation of microstructures in the bulk materials
[25]. For instance, X-ray diffraction method is capable of assess-
ing the crystallite size generally smaller than about 500 nm [26].
During severe plastic deformation, subgrain boundaries evolve in
the grains structures [22]. Subsequently, these boundaries develop
areas with coherent crystalline domain size [27].

After analysing the XRD pattern of each sample using

http://www.itrans24.com/landing1.html
mined and shown in Fig. 14. As can be seen, after 5 TCP passes
the crystallite size of ∼360 nm can be achieved. However, the
coherent crystalline domain size determined by XRD may be
affected by the distribution of dislocations. But, in this case, the

e after 3 passes and (c) a TCPed Al tube after 5 passes (L: longitudinal).
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Fig. 14. The cell/subgrain size versus pass number.

rystallite sizes obtained from passes 2 to 5 reach to a same val-
es of cells/subgrains sizes achieved from transmission electron
icroscopy (TEM) micrographs of ECAP [28,29], CGP [19,30], ARB

5,31]. This proves the ability of TCP in grain refinement.

. Conclusions

The conclusions from this study can be summarized to:

. Applying the SPD process on tube is successfully possible, and
TCP can be classified as a new SPD method.

. TCP is successfully carried out in 5 passes without any rupture
or cracks, and the yield stress, UTS and hardness are increased
up to 2 times of those for the annealed tube.

. The accumulation of strains in a TCPed sample is the result of
mainly shear deformations, and according to the calculations,
strain has a considerable value of ∼1.2 in each pass.

. After TCP, the hardness distribution through tube thickness has
a maximum at mid thickness and two minimum at inner and
outer sides of a tube wall.

. As a result of applying 5 TCP passes, the average cell size of

commercial purity aluminum is decreased to 360 nm.

. Comparing the results achieved from TCP with those of other SPD
processes proves that TCP has a reasonable ability in strength
improvement and grain refinement.
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