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response surface methodology (RSM). For this, VE die length (L), reduction in area (RA), twist
angle (¢), and position of control points in Beziers' formulation (C1) were considered as input
parameters and strain inhomogeneity was considered as a response. Both standard deviation
(S.D) and inhomogeneity index (Ci) were used to quantify the strain inhomogeneity from FEA
results. Analysis of variance (ANOVA) was used to determine the significant parameters and
to mathematically model the strain inhomogeneity. It was concluded that standard deviation
(S.D) is not a good choice for examining the strain inhomogeneity distribution in VE
technique. ANOVA results showed that ¢, RA, and interaction between ¢ and RA are the most

significant parameters affecting the strain inhomogeneity.

© Shiraz University, Shiraz, Iran, 2020

1. Introduction

Over the last decades, ultrafine grained materials
(UFG), with grain size less than 1 um, have been used
extensively due to their unique combination of high
strength and ductility which is obtained by imposing a
high amount of plastic strain on the bulk material
through using severe plastic deformation (SPD)
techniques [1-3]. Among SPD techniques some are
torsion based, including: high pressure torsion (HPT)
[4], twist extrusion (TE) [5, 6], off-axis twist extrusion
[7], vortex extrusion (VE) [8], and rectangular vortex
extrusion (RVE) [9]. Vortex extrusion is a promising
SPD technique that benefits from a specially designed
die (Fig. 1) which is composed of three different zones
namely; zone | (first transition zone), zone Il (twist
zone), and zone |1l (second transition zone). As shown
in Fig. 1, material is twisted through passing the
converging die, that simultaneous twist and reduction in
area in a single die introduces the additional deformation
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mechanism in VE process compared to conventional
extrusion (CE) process [10]. However, the amount and
distribution of effective strain resulted from this
additional deformation mode are caused due to designed
indents inside of the VE die and are affected by the
geometrical parameters of VE dies. A streamline
approach based on Beziers' formulation was used to
mathematically model the materials flow in the VE die
[11]. The proposed model was used to VE die design,
finite element analysis (FEA) and developing the power
losses terms in upper-bound analysis to investigate the
effective strain distribution and load of VE process [11,
12]. Effects of geometrical parameters including; length
of the twist zone (L), twist angle (¢), position of control
points in Beziers' formulation (C; and Cz that; 0 < C; <
1 and C;+Cy=1), and reduction in area (RA) were
investigated in different frictional conditions (constant
friction factor m=0 and m=0.1) using response surface
methodology (RSM) and FEA. Results were used to

IIMF, Iranian Journal of Materials Forming, Volume 7, Number 2


http://ijmf.shirazu.ac.ir/
mailto:m.shahbaz@urmia.ac.ir

Analysis of Strain Inhomogeneity in Vortex Extrusion using Finite Element Method and Response Surface ... 27

mathematically model the efficient twist of the material
and the process load and it was shown that, there is a
good agreement between the results from FEA with
those predicted from developed mathematical models
[13]. Strain inhomogeneity and process load of severely
deformed AL-Mg-Si alloy by VE process were
investigated using RSM and FEA. Twist angle (¢),
reduction in area (RA), and interaction of twist angle and
reduction in area (¢ X RA) were determined as the most
effective parameters affecting strain inhomogeneity,
while the processing parameters of ¢, RA, and the
interactions of ¢ X RA , ¢ X ¢ and RA X RA are the
most effective parameters on the load of VE process
[14].

In this study the effect of the geometrical parameters
of VE die (Table 1), as input parameters, on the strain
inhomogeneity of severely deformed Al1050 aluminium
alloy, as a response, was investigated using FEA and
RSM. For this, VE dies were designed for RSM
proposed runs (Table 2) and then were considered for
FEA. The strain inhomogeneity of individual runs was
calculated from FEA results using; inhomogeneity index
(C) and standard deviation (S.D), Egs. 1 and 2,

respectively, as follows:
Ci — Emax — Emin

€avg (1)

/n — 2
S.D= Et:1(£tﬂ£dﬂg) (2)

Where; €;, Emax, Emin AN £q,4 are the through radius of
product, maximum, minimum and average effective
strain, respectively, and n is the number of measured
effective strain through radius of product.

Finally, analysis of variance (ANOVA) was used for
RSM results for the purpose of mathematically
modelling the effective strain inhomogeneity.

2. Response Surface Methodology (RSM)

In this study, RSM central composite design (CCD)
was used to plan the experiments based on four input
parameters in five levels (Table 1) using design expert
V.11 software [15]. A total of 30 experimental
conditions (24 separate experiments with 6 repetitions of
the central point) were planned for frictional condition
of m=0.1 (u=0.047 [16]) as shown in Table 2. The
multiple regression model was used to develop
mathematical equation for responses. Analysis of
variance (ANOVA) was used to evaluate the accuracy of
mathematical model and detecting the significant terms
by evaluating with p-value lower than 0.05. The lack-of-
fit higher than 0.1 was considered for insignificant
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parameters. It should be noted that A, B, C and D in
Tables 1-3 were used for simplicity and ease of
indicating interactions of input factors by design expert
software.

Container

Punch

Zone |

Zone Il

Zone I1I

VE die (half section)

Z

I

X ¥

Fig. 1. Schematic dies assembly for FEA (right) and half
section of VE die (left).

Table 1. Processing parameters and their levels

A: Twist angle (o) 0.00 225 450 675 90.0
B: Reductioninarea(RA) 01 03 05 07 09
C: Length of twist zone(L) 50 75 10 125 15
D: Control points position

. L 01 02 03 04 05
in Beziers' curve(C1)

3. Finite Element Simulation

Simulations were carried out using commercial
Deform-3D V.11 [17] software for all RSM planned
experiments. The mathematical model based on Beziers'
formulation for material flow in VE method (Eg. (3))
[11] was used to design VE die for each of the 30
planned experiments. VE die, punch and container were
assumed to be rigid bodies and the stress-strain relation
0=0y+0; [1 — exp(g)] of an aluminium alloy with

numerical constants reported in [18] was used for the
deformable AA1050 sample. The work-piece was
assumed to be plastic having cylindrical shape with 20
mm diameter and 40 mm height and was meshed with
tetrahedral element with a total number of 55000 based
on the mesh convergence criterion. Automatic
remeshing was considered to accommodate large
deformation in the analyses. The punch, was considered
as a rigid cylinder with a 20 mm diameter and 2 mm
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height that extruded the work-piece with a ram speed of
0.2 mm/s. The value of 0.1 was selected as a constant
friction factor for all simulations. All analyses were
performed at room temperature.

¥ =v(® = (1 — 0T + 3t(1 — )T + 3t2(1 — OT; + £°F; (3)

where; ¥ is the vector equation of the streamline with T,
r;, I, and 13 as the position vectors of four control
points [11].

Table 2. Experimental design matrix and response values of
processed AA1050 for m=0.1

Input parameters Responses

~ § n v =)

S < - == 8 1S

= = B = S¥= wo-w 2
> g [ = E'CD ) s 2
@ S o< D ©c% ©E &5
2 BE § Z2ccz §2 B3

2 3 - RS 3 & £
S G 2% g 2

1 67.5 0.3 12.5 0.2 053 3.13
2 45.0 0.5 10.0 0.5 0.39 0.9
3 67.5 0.3 12.5 0.4 045 203
4 225 0.7 7.5 0.2 0.45 0.80
5 67.5 0.7 7.5 0.2 0.60 0.98
6 67.5 0.3 7.5 0.4 0.60 250
7 67.5 0.7 125 0.2 0.28 0.67
8 90.0 0.5 10.0 0.3 0.67 1.90
9 45.0 0.5 5.0 0.3 0.69 157
10 450 0.5 10.0 0.3 046 1.24
11 0.0 0.5 10.0 0.3 0.19 0.76
12 675 0.3 7.5 0.2 056 251
13 225 0.7 125 0.4 0.36 0.69
14 450 0.5 10.0 0.3 046 1.24
15 450 0.5 15.0 0.3 032 0.87
16 225 0.3 125 0.4 0.28 1.08
17 450 0.5 10.0 0.3 046 1.24
18 450 0.9 10.0 0.3 021 0.16
19 225 0.3 7.5 0.2 031 1.30
20 225 0.7 7.5 0.4 0.47 0.66
21 450 0.5 10.0 0.1 0.39 1.02
22 225 0.7 125 0.2 031 0.55
23 450 0.5 10.0 0.3 046 1.24
24 450 0.1 10.0 0.3 036 3.47
25 225 0.3 125 0.2 028 1.10
26 450 0.5 10.0 0.3 046 1.24
27 675 0.7 7.5 0.4 0.56 0.86
28 225 0.3 7.5 0.4 034 125
29 450 0.5 10.0 0.3 046 1.24
30 675 0.7 125 0.4 0.40 0.67

4, Results and Discussion

Table 3 shows the analysis of variance (ANOVA)
results. In table 3, F value indicates whether the variance
between the means of two populations is significantly
different or not, that, the larger the F value, the greater
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the relative variance among the group means. The p
value, the probability that a result happened by chance,
is compared to a predetermined significance level, which
is 0.05 (by default). If the p value of individual factor is
less than 0.05, the factor is considered to be significant
[19]. The results of table 3 show that the model is
significant. Also, it is shown that the process parameters
of the twist angle (¢ denoted by A), reduction in area
(RA denoted by B) and interaction of twist angle and
reduction in area (¢ X RA denoted by AB) are
significant parameters affecting the inhomogeneity
index (Ci) as well as the length of the twist zone (L
denoted by C) which is not considered as an effective
parameter in this case. On the other hand, the ANOVA
results for S.D show that the process parameters of ¢, L,
interaction between ¢ and RA, interaction between RA
and L (RA x L denoted by BC) and interaction of RA
with RA (RA x RA denoted by B?), are the most
significant parameters. Figure 2 represents the effect of
reduction in area (RA), twist zone length and twist angle
on the maximum, average, and minimum effective
strains. It can be seen that, increasing the reduction in
area from 0.3 to 0.7 leads to an increase in effective
strain values (maximum, average and minimum),
however these values are almost similar in different twist
zone lengths. Results are in good agreement with those
published in Ref. [13]. So, it can be claimed that the
influence of reduction in area (RA) is greater than the
length of the twist zone (L) on strain distribution. Also,
ccomparison of the maximum and minimum effective
strain  difference  ratio  for  different = RA
W) in conventional extrusion (CE) and

(¢Emax—€min)|RA=03

VE shows that, its value for VE is lower than that for CE
(Fig. 2), which is due to the torsional deformation mode
and velocity differences between material elements at
the surface and the centre of VE processed sample and
its effect on minimum effective strain at the centre of
ample [10]. For these reasons, inhomogeneity index (C;)
can model strain inhomogeneity better than standard
deviation (S.D). The mathematical relationship between
input factors and inhomogeneity index (Ci) is presented
in the form of multiple regression equations for frictional
condition of m=0.1 according to Eq. 4 as depicted below:

Strain inhomogeneity (C;) = +0.655874 + 0.056622 X ¢ —
0.562077 X RA + 0.029297 x L + 0.789718 x C; — 0.068634 x
@ X RA+0.000256 x ¢ X L — 0.032312 X ¢ X C; — 0.062212 x
RAX L +3.37780 x RAX C; — 0.161706 X L X C; 4
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Table 3. ANOVA results for the processed AA1050 by VE
to identify significant factors in strain inhomogeneity

m=0.1
Strain Standard Deviation
Source inhomogeneity(Ci) (S.D.)

F-value p-value F-value p-value
Model 17.26 < 0.0001 11.23 <0.0001
A: () 4412 < 0.0001 70.06 <0.0001
B: (RA) 117.09 < 0.0001 0.76 0.3978
C: (L) 2.01 0.1727 47.13 <0.0001
D: (Cy) 1.46 0.2417 0.40 0.5389
AB: (¢ X RA) 17.52 0.0005 9.85 0.0068
AC:(p X L) 0.04 0.8476 2.23 0.1561

AD: (@xC1) 097  0.3368 0.07 0.7970
BC: (RAX L) 018  0.6781 491 0.0426
BD: (RAXC1) 084 03713 053 0.4789

CD: (Lx Cy) 0.30 0.5901 0.08 0.7818

AZ (@ X @) e e 0.12 0.7393

B2 (RAXRA)  ---—--- oo 15.87 0.0012

CZ (LxL) e e 2.02 0.1753

D% (Cix C1)  =m e 2.14 0.1637
5§ Ff

o 54—

g o Emax %

I aws |2

Sy @min |2

E 0 P P E

e e e s
g4 G s
= [
B3 mmax || £ ~~~~ Emmax
TR T — mavg
E G Hmin
g 8, Ml "
175 ()
3 — 3
o S S s g e A =
= =
- P E
w Emax || 2 Emax
R A e — avg ||.2 avg
g 1 B min %} _ ._;5—— BEmin
oo = : o
(e) L=7.5 L=125 (f)

Fig. 2. Effect of twist angle, twist zone length and reduction in
area on the maximum, average, and minimum effective strain
in VE process with C1=0.4 and (a) ¢ = 0, RA=0.3, (b) ¢ = 0,
RA=0.7, (c)¢ =22.5°, RA=0.3, (d)¢ =22.5°, RA=0.7,
(e) ¢ =67.5°, RA=0.3, and (f) ¢ =67.5°, RA=0.7.

Figure 3 shows the effect of twist angle (¢),
reduction in area (RA), length of twist zone (L) and
position of control points in Beziers' formulation (C1) as
input factors and their interactions on strain
inhomogeneity index (C;). Comparison the curvature of
surface plots of Fig. 3 shows that there is an interaction
between twist angle and reduction in area which is in
good agreement with ANOVA results. As shown in Fig.
3(a) increasing the twist angle increases the effective
strain inhomogeneity. However, the effect of increasing
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RA on C; depends on the twist angle. That is because of
vortex like flow of material in VE, which arises from
synergetic effect of simultaneous reduction in area and
twist angle [10, 20]. Vortex like flow and the suggested
mathematical model for materials flow in VE by Beziers'
formulation makes; (i) the surface elements twisted more
than the central elements, and (ii) the materials element
at the surface pass the longer distance than those at the
center of sample. All these, cause velocity differences
between the material elements at the surface and the
center of processed sample by VE in comparison to what
is seen in the CE technique [10]. So, increasing the twist
angle at higher reduction in area will increase the &,
(compare Figs. 2(b), 2(d) and 2(f)), which will decrease
the effective strain inhomogeneity (Ci) (Fig. 3(a)).
Figure 3(b) shows that the effect of twist angle on the C;
is similar in all twist zone length that shows no
interaction between L and ¢ and confirms the ANOVA
results. Considering Figs. 3(c)-3(f) show no interaction
between C; and ¢, L and RA, C; and RA, and Cy and L,
respectively which are in good agreement with results
obtained from ANOVA.

Strain inhomogeneity (Ci)
Strain inhomogencity (Ci)

Strain inhomogeneity (Ci)

Strain inhomogeneity (C)
Lowmmpowema

Fig. 3. Surface plots of effect of input parameters on the
strain inhomogeneity (Ci) in VE for m=0.1.
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5. Conclusions

In this study 30 runs for VE dies with different twist
angle (¢ ), reduction in area (RA), length of twist zone
(L) and position of control points in Beziers' formulation
(C1), were designed and analyzed by response surface
methodology (RSM). Finite element analysis was done
for individual runs and strain inhomogeneity, finally
calculated results were considered for analysis of
variance (ANOVA). The influences of geometrical
factors involved in VE die design on strain
inhomogeneity were analyzed via two parameters
namely, inhomogeneity index (Ci) and standard
deviation (S.D). The following conclusions can be
drawn:

o Results of ANOVA showed that the mathematical
model proposed by RSM is significant and the process
parameters of twist angle (¢), reduction in area (RA) and
interaction of twist angle and reduction in area (¢ X RA)
have deeper impacts on inhomogeneity index (C;) while
others are less significant in this regard.

o Considering that the decreasing of reduction in
area (RA) causes higher strain heterogeneity, standard
deviation (S.D) is not a suitable candidate to quantify the
strain inhomogeneity. On the other hand, standard
deviation (S.D) shows that the length of the twist zone
(L) is a significant factor on strain inhomogeneity.
However, Comparison of the simulation results showed
that the variation of twist length has almost no effect on
maximum, average and minimum effective strain values.

e For VE process of AA1050 in frictional condition
of m=0.1, the magnitude of C; increases by increasing
the twist angle (¢) and decreasing the reduction in area
(RA).
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