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Parallel tubular channel angular pressing (PTCARCgss is a
novel recently developed technique of severe pladgiormation

for fabrication of ultrafine grained (UFG) metaltigbes. This new
process consists of two half cycles and is affedtgdseveral

parameters such as channel angles, deformati@nanadi curvature
angles. In this paper, the effects of these pammmeain plastic
deformation behavior, imposed strain, strain homegg and the
process load were investigated by using finite elemmethod

(FEM). The results indicated that an increase endhannel angle
leads to a decrease in the imposed strain at theokiboth half

cycles of PTCAP process. Investigation on the edfenf the

curvature angles showed that better strain homdtyeiseachieved

in lower curvature angles. Also, minimum requiradqess load
and the best strain homogeneity could be obtaindde curvature
angle equal to zero. Study on deformation ratio r@f)ealed that
the best and worse strain homogeneity could beeaediin K

values equal to 0.6 and 1, respectively. With regarbetter strain
homogeneity and needing lower process loads, itldccae

concluded that lower K value (0.§) leads to best strain
homogeneity and lowest process load.

1. Introduction

(HPT) [4], accumulative roll bonding (ARB)
[5], accumulative torsion back processing [6],

Excellent mechanical properties of ultra fine repetitive forging using inclined punch [7], and
grained (UFG) and nanograined (NG) materials other SPD methods. Despite the demands for
attracted many researchers during this two pasthigh strength metallic tubes in extensive range
decades [1]. Severe plastic deformation (SPD)of industrial applications, few researches have
techniques are considered as a powerful tool forbeen carried out for producing UFG tubular
production of ultra-fine-grained (UFG) metals parts using SPD methods. It is may be due to
with enhanced mechanical properties [2]. The lack of an appropriate SPD method suitable for
common SPD techniques suitable for bulk and deforming tubes. Through understanding the
sheet materials are equal channel angulabeneficial capabiliies of the ECAP, an
pressing (ECAP) [3], high pressure torsion
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effective process suitable for processing tubesAs shown in Fig. 1, in the PTCAP process the
to very high strains, called the tubular channel constrained tube between mandrel and die is
angular pressing (TCAP) method, was pressed by a first hollow cylindrical punch into

proposed for the first time by the present a tubular angular channel so that the tube
authors [8-10]. Faraji et al. [8, 9] proposed diameter increases to reach its maximum value
TCAP process using triangular and semicircular at first half cycle (Fig. 1(a). In the second half

channels which was previously investigated cycle of PTCAP process as shown in Fig. 1(b),
using FEM experiments. TCAP process could bethe tube is pressed back to its initial dimension
influenced by several parameters. Faraji et al.through the tubular angular channel by the
[11] investigated the effects of curvature angle, second punch. Die parameters are shown in
deformation ration and deformation direction on Fig. 1(d). As can be seen in this figure, there
plastic deformation behavior using FEM. are two shearing zones (I and Il) which are
Recently, they proposed another effective SPDacting in both half cycles.

method entitted PTCAP [12] which has two During the first and second half cycles of

important advantages compared to the PTCAP, tensile and compression peripheral
previously developed TCAP process. Needingstrains are applied respectively. The following

lower loads and introducing better strain equation [11] can be used in conventional ECAP:
homogeneity through the tube thickness are two

advantages [13].
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Considering the existence of radial and first half cycle of PTCAP processing can be
circumferential strains in PTCAP [12], the calculated by the following equation,
exact value of total accumulated strainin the ~ considering the geometry of Fig. 1(c) [12]:
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where R and R are shown in Fig. 1(d). PTCAP can be expressed in a general form by
Finally, total equivalent strain after N passes of the following equation:
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There are several parameters such as chann&oulomb friction and penalty method were used
angles, deformation ratio and curvature anglesto consider the contact between the die and the
in PTCAP process which affect deformation tube and the friction coefficient was assumed to
behavior and the required load. In this paper,be 0.05 [14, 15]. The material used for the tube
the effects of these parameters on plasticsample is commercially pure copper. The
deformation behavior, imposed strain, strain experimental alloy properties, process parameters
homogeneity and required load were and their values are shown in Table 1. Mechanical
investigated by using finite element method properties of pure copper were obtained through
(FEM) for the first time. a compression test at room temperature and
strain rate of 1x1Bsec".
2. Experimental
A commercial FE code Abaqus/Explicit was 3. Resultsand Discussion
used to perform the numerical analysis. An 3.1. Effectsof channel angleg, = ¢,
axisymmetric four node elements (CAX4R) Was Fig 2 shows the effects of channel angle
employed to model the tube. The die and ¢, = ¢,0n plastic strain contour after the first
punches were modeled as analytical rigid parts.
During simulations adaptive meshing was used@nd the second half cycle of the PTCAP
to accommodate the large strains [7]. The process. It can be seen that increase in the
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Table 1. Pure copper properties and process parameters.

Parameter Value
Density p) 8.1 g/cm3
Poisson’s ration\ 0.33
Young's modulus (E) 120 GPa
Friction coefficient (i) 0.05
Channel angleg, = ¢,) 1007, 110°, 120°, 135°, 150°, 160°
Curvature angle, = ¢,) 0°, 10°, 20°, 30°
K=R,-R 066 08%b 1% 1.2% 1.4
Tube outer diameter 20 mm
Tube thickness {} 2.5mm
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Fig. 1. Schematic of the PTCAP process (a) the first &)dhie second half cycles of PTCAP, (c) die
parameters, (d) stress-strain curve of pure copper.
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Fig. 2. Effects of the channel angle on plastic strain@onof PTCAP processed sample after (a) the tia#t
cycle, (b) the second half cycle (in all casgs=y, =0, K=1)

channel angle leads to decrease in the imposedngle causes the decrease in the wasted useless
strain at the end of both half cycles. At the end part of the tube. However, tube thinning is
of the first half cycle some tube thinning takes compensated in the second half cycle due to the
place and the tube thickness is lower than itsimposition of compression peripheral strains as
initial value due to the peripheral tensile a result of the decrease in tube diameter. As can
strains. Tensile peripheral strain is applied as abe seen from Fig. 2(b), the tube thickness at the
result of increasing in the tube diameter [8]. As end of second half cycle in all channel angles
shown in Fig. 2(a), minimum tube thinning is reaches its initial value. This is an important
taking place in the channel angle 100°. It may feature of a SPD method.

be due to the existence of higher hydrostatic Fig. 3 shows the plastic strain values through
pressure effect in this case compared to thethe thickness of processed tube at the end of
other cases. This phenomenon also takes placeecond half cycle for all channel angles. It is
in multi pass ECAP process [16, 17]. Existence clear that increase in the channel angle leads to
of hydrostatic pressure in the first corner decrease in strain. Up to channel angle 135°,
resulted from next corners leads to the strain in the inner surface of the tube ista bi
compensation for some tube thinning. Tube lower than that in the outer surface. This
thinning reaches its minimum and maximum manner is changed in the channel angles higher
levels in the channel angles of 110° and 100°,than 135°. It may be because of formation of
respectively. Considering the tail part of the second corner gap in the channel angles higher
processed tube after the first half cycle in Fig. than 135°. From this figure the strains of 4.4,
2(a), it is clear that increase in the channel 3.7, 3.05, 2.25, 1.55 and 1.05 are achieved for
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Fig. 3. Plastic strain values through the thickness otgssed tube at the end of the second half cycle.
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Fig. 4. Effect of channel angle on the mean strain vahgestrain inhomogeneity index.

channel angles of 100°, 110°, 120°, 130°, 140°, other words, increase in the channel angle from
150° and 160° respectively. Internal 135° causes the decrease of strain homogeneity.
microstructure homogeneity and consequently Fig. 5 (a) shows the effect of channel angle on
homogeneity in hardness measurements ardoad-displacement curve. Increase in the channel
greatly affected by homogeneity of induced angle results the decrease in the required load.
plastic strains [18-20]. Therefore, Strain From the required instrument and energy
inhomogeneity index was defined to show the consuming point of view, selecting higher
strain inhomogeneity agy) =(5Max_5Miry , channel angles is suitable. As it is shown, an
£Awe interesting feature in the force history is that al

where sy, ‘;Mi” and zae |n_d|c|ate rrI1aX|_mum,_ curves are converged to a lower value. It may be
minimum and average equivalent plastic strains 4y ted to the friction force, which is a normal

along the processed tube thickness, respectively, .o myitiplied by a friction coefficient in the

[20]. Fig. 4 shows the effects of channel angle on e jomp friction model [14]. The tube during the
strain inhomogeneity index and means above ther-ap process can be divided into two parts, i.e.
presented strain values. From this figure the trend regions before and after the second shear

of mean strain variation with channel angle is ;5,6 The hydrostatic pressure is higher in the
almost I|near._ Also, in strain mhomo_genelty index regions before the last shear zone than that
curve, there is not a distinct trend in the channel ¢ar the l1ast shear zone. It means that the

angles up to 135°% but in higher angles it can benqma) force in the region before the last shear

Zone is higher while in the region after the last

increase of strain inhomogeneity index. In the gnaar zone it is going to have a lower value
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Fig. 5. (a) Force-displacement curves in different chaangles, (b) effect of the channel angle on thé fuead.

[8]. When the first half cycle PTCAP proceeds, the effect of the curvature angle on the mean
the tube length before the last shear zone isstrain and strain inhomogeneity index through
decreased and the tube length after the last shedhe thickness of PTCAP processed tube. An
zone is increased. Therefore, the total force isincrease in the curvature angle up to 20° leads
converged in all cases. The peak loadsto a decrease inthe mean strain value, while the
corresponding to different channel angles arechange in the curvature angle values higher
shown in Fig. 5(b). The curve trend seems to bethan 20° has almost no effect on it. Also,

almost linear. increase in the curvature angle up to 20° causes
the increase in the strain inhomogeneity index
3. 2. Effects of curvatureangley; =y, but variation in the curvature angle higher than

Fig. 6 shows the effects of curvature 20° has almost no effect on it. This means that
angley; =y, on pass plot of imposed strain better strain homogeneity is attainable in lower

; ture angles.
through the PTCAP processed tube thickness. ifcurva :
can be seen that the change in the curvature Fig. 8 ?hov(\;:;ffFE c?lculatetd Ioad-dlfplagerr:ﬁnt
angle has no effect on the imposed strain valuegtfrréisp or di ereﬂ _cur\lla ulre ang efs n th'e
in the inner surface of the processed tube, while process. 1 1S clearly seen irom 1his

an increase in the curvature angle causes igure that the variation in the curvature angle
decrease in the strain level in the outer surface2> almost no effect on the requw_ed Ioaql in the
of the PTCAP processed tube. On the otherPTCfA‘P pracess. So, fr_om the pomt_of view of
hand, the strain homogeneity decreases whe equired load and strain homogeneity it could
the curvature angle increases. Fig. 7 illustrates e concluded that selecting the curvature angle
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Fig. 8. FE calculated load-displacement curves in diffecemvature angles.

equal to zero is the best choice. the parameteK =R, - R, is considered. As it
_ _ is shown in table 1K values of 0.6, 0.8t,, 1
3. 3. Effects of the deformation ratio (K) t,, 1.21t,, and 1.4t, were considered. Effect of

To investigate the effects of deformation ratio, the deformation ratio on pass plot of the
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Fig. 10. Effect of K value on the mean strain and straloimogeneity index.

imposed strain through the PTCAP processedincreasing trend may be attributed to increase
tube thickness is shown in Fig. 9. From this in the normal strain increasing. As can be seen
figure, increase in the deformation ratio K in this figure, there exists no specific trend in
causes the increase in the imposed strain. ltstrain inhomogeneity index curve. However,
may be because the portion of equivalentthe best and worse strain homogeneity could be
plastic from normal strain due to variation of achieved in K equal to 0.6 and 1, respectively.
the tube diameter is changed when K value is Fig. 11 (a) shows the effect of K value on FE
varied. The trends of all curves are the samecalculated load-displacement curve in PTCAP
and in all cases the strain in the inner surface ofprocess. Trends of all curves are similar while
the tube is higher than that in the outer surfacethe positions of peak loads are different in
Fig. 10 shows the effect of K value on the meanvarious K values. the reason is that the distance
equivalent strain and strain inhomogeneity between two shear zones differs for various K
index. The mean equivalent plastic strain values. In higher K values the tube passes long
increases almost linearly with the increase of K trace between two consequent shear zones.
value. As it was mentioned before, whereas inWhereas the peak load is taking place in the
PTCAP process the total equivalent strain last shear zone, the peak load position moves to
contains both shear and normal componentsthe right as shown in Fig. 11(a). From Fig.
(resulted from tube diameter variations), linear 11(b) which shows the peak load versus K
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Fig. 11. Effect of K value on (a) load-displacement curne &b) the peak required load

value it could be realized that an increase in the
K value leads to an increase in the peak load.
So, from the point of view of better strain e
homogeneity and needing lower loads it could

be concluded that lower K value (0.6) leads
to best strain homogeneity and lowest process
load.

4. Conclusions .
The effects of PTCAP process parameters on
plastic deformation behavior, imposed strain,
strain homogeneity and required load were.
investigated using finite element method (FEM)
and the results can be concluded as following:

An increase in the channel angles leads to
decrease in the imposed strain on the PTCAP
processed tube.

The curvature angle has no effect on the

decrease in the strain in the outer surface of
the processed tube.

Better strain homogeneity is achieved in
lower curvature angles.

Selection of the curvature angle equal to zero
is the best choice from the point of view of
requiring lower process load and better strain
homogeneity.

The best and worse strain homogeneity could
be achieved in K equal to 0.6 and 1
respectively.

From the point of view of better strain
homogeneity and needing lower loads it
could be concluded that lower K value
(0.6tp) leads to best strain homogeneity and
lowest process load. So, selecting lower K
value is the best choice.
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