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Cyclic extrusion compression angular pressing (CECAP) is a new severe
plastic deformation method used to improve mechanical and metallurgical
properties of metals. In this process, hydrostatic compressive stress has a
considerable effect on the quality of the fabricated sample, where, as it rises,
the probability of the appearance of the crack initiation on the sample is
reduced. In this research, the effects of the process parameters of CECAP
on magnitude and distribution of the hydrostatic compressive stress were
investigated using finite element analysis (FEA) and response surface method
(RSM). Temperature (T), input extrusion diameter (D), exit extrusion angle
(a), frictional coeflicient (u), and longitudinal distance of input extrusion
to extrusion compression angular pressing (ECAP) region (L) were selected
as input parameters, and hydrostatic compressive stress (o) was considered
as response variable. Analysis of Variance (ANOVA) was extracted to
evaluate the accuracy of the developed mathematical model and determine the
significant factors. Results revealed that parameters of temperature and exit
extrusion angle influence the hydrostatic compressive stress (o) considerably.
Also, the effect of interaction between the parameters is significant. The
optical microstructure on the CECAPed section revealed that, for point C
(center of section), the grain size is larger, reaching 3 pm, while for point
A (near to outer surface), the grain size reaches 1.5 pum, showing that as it
becomes near to the section, the grain size tends to be smaller. In order
to verify the accuracy of the study, the hardness distribution behavior was
compared by the strain distribution behavior obtained from finite element
method (FEM). Moreover, the hydrostatic compressive stress of the current
CECAP process was compared with other investigations and a significant
improvement was observed. All experimental tests and the results of other
investigations showed a good agreement with FEM results.
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Nomenclature
T Temperature D Input extrusion diameter
@ Exit extrusion angle I Frictional coefficient
o Hydrostatic compressive stress o; Hydrostatic compressive stress
L Longitudinal distance of input extrusion N Number of selected points on the cross
to ECAP region section
Oace Average hydrostatic compressive stress

1. Introduction

Due to the suitable characteristics of titanium and
its alloys, e.g., Ti-6A1-4V such as corrosion behav-
ior, mechanical properties, and biocompatibility, they
have received great attention among investigators in
the field of fabricating biomedical equipment [1,2]. Re-
cently, researchers have focused on the production of
bulk nanostructured and ultrafine-grained materials by
severe plastic deformation (SPD). Many investigators
have focused on the modification, improvement, and
development of new SPD methods, because of excellent
advantages such as improved mechanical characteris-
tics and grain refinement [3, 4]. Although, titanium al-
loys (here Ti-6A1-4V) have better strength compared
to commercially pure titanium (CP-Ti), the release of
toxic metal ion by alloying elements and biological in-
compatibility has restricted application [5, 6]. Thus,
CP-Ti can be a perfect choice for medical purposes,
provided that its strength is improved by grain refine-
ment. Cyclic extrusion compression angular pressing
(CECAP) is one of those techniques producing nanos-
tructured materials [7]. CECAP is the best choice to
refine CP-Ti grain size <lpym for medical goals, en-
hancing its strength and obtaining an ultrafine-grained
titanium (UFG-Ti) structure [8].

Cyclic Extrusion Compression (CEC) is one of
the well-known SPD techniques producing high plastic
strain. In the current procedure, an initially cylindri-
cal sample goes through two similar cylindrical chan-
nels with the same diameter linked via a reduced cross
section neck (extrusion). In each pass of the CEC, first
of all, it applies an extrusion followed by compression
in the second channel helped by backpressure to retain
its initial diameter. However, in order to retain the
initial diameter, the backpressure needs to be applied
for the reverse compression in the second channel of
CEC, which is known as the main problem with the
current method. To solve this drawback, a new tech-
nique namely cyclic expansion-extrusion (CEE) was
proposed to eliminate the backpressure from the CEC
process [9, 10]. In this technique, as the material meets
the outlet channel, its movement is temporarily ob-
structed causing the material to expand under pres-
sure. However, the investigations showed that non-
uniform material flow in the longitudinal section of
the sample over the extrusion and expansion is the
main problem with this method [11]. Extrusion com-

pression angular pressing (ECAP) is another widely-
known SPD method satisfying comprehensively SPD
demands. Moreover, wide variety of materials such as
Zn-Al alloys, Al-Mg alloys, Pb-Sn alloys, AZ91 alloy,
AZ31 alloy, and Titanium alloys have been examined
by this technique [12]. In spite of owning excellent
properties of the ECAPed samples, studies revealed
that strain inhomogeneity on the sample sections can
be considered as main disadvantages of the current pro-
cedure [13,14]. To solve the mentioned disadvantages
of CEC and ECAP processes, CECAP was proposed
combining the advantages of CEC and ECAP meth-
ods by M. Ensafi et al. [15]. In this process, in the
first step, the initial cylindrical sample goes through
a compression extrusion (input) before meeting ECAP
region. Then, as the sample reaches ECAP area, due
to the applied pressure, the sample starts to fill the
gap between CEC and ECAP region resulting in the
sample restoring its initial diameter. Due to the com-
bination of the CEC and ECAP advantages simultane-
ously on the CECAP, the accumulative applied strain
is equal to the sum of strains in CEC and ECAP pro-
cesses. Although it owns higher degrees of strains, it
suffers from lower hydrostatic compression stresses on
CECAPed samples, which is known as the method’s
drawback. Thus, in order to solve that problem, S.
Ahmadi et al. [7] proposed a novel CECAP process
improving the hydrostatic compression stress and uni-
formity on CECAPed samples. In their method, an ex-
trusion region was added to the outlet channel. In this
technique, the lack of hydrostatic compressive stress
and strain non-uniformity was compensated by the sec-
ond extrusion plays. Mg alloy was examined to ver-
ify the effectiveness of the proposed procedure by cal-
culation of the grain refinement and stresses. They
achieved the contour distribution of the mean stresses
applied to the sample section for two conditions, with
(CECAP+Extrusion) and without (CECAP) the sec-
ondary extrude, respectively. They reported that as
the forehead of the sample reaches in the secondary ex-
truded zone, the reduction of diameter applies a back-
pressure and rises the hydrostatic compression stress.
Having done a comparative study for two cases, it was
revealed that in the presence of the secondary extru-
sion, more uniform and larger compression stresses are
appeared. The mean stresses calculated by FEM for
the novel CECAP process represents a considerable in-
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crease of compressive stresses in both paths compared
to the CECAP process. In another survey, they also
[16] studied the microstructure and mechanical prop-
erties of AM60 magnesium alloy by a newly proposed
CECAP method. Results indicated that the proposed
and CECAP-processed conditions created higher hard-
ness values increasing constantly, where this increase
in hardness reported 196% and 175% for the proposed
CECAP and conventional CECAP procedure after tol-
erating four passes compared to the unprocessed sam-
ples, respectively.

In this paper, the influences of the input parame-
ters including temperature (7'), input extrusion diam-
eter (D), exit extrusion angle (), friction coefficient
(1), and longitude distance of input extrusion to ECAP
region (L) on the response parameters of hydrostatic
compressive stress (o) were analyzed. In the CECAP
process, hydrostatic compressive stress has a signifi-
cant influence on the quality of the fabricated sample,
where as it increases, the probability of crack initiation
on the sample is diminished. Furthermore, due to the
lack of sufficient investigations on analysis of CP-Ti
(with excellent medical applications) processed by CE-
CAP with the mentioned input parameters, it was de-
cided to study this material. To meet this target, FEM
and RSM methods were implemented to examine the
CECAP process. Moreover, ANOVA was performed to
specify the significant parameters.

2. Principles of CECAP

As mentioned previously, the CECAP process is a re-
cently developed SPD method with two interchange-
able extrusion inserts mounted on the prior and af-
ter of the ECAP deformation region as illustrated in
Fig. 1. This method includes two cylindrical chan-
nels shown by D (here 15mm), and an ECAP deforma-
tion zone consisting of corner angle ¢ (here 20°), and
channel angle ¢ (here 90°). Once operation starts, the
initial cylindrical sample pass through the input extru-
sion zone with a 2-mm-reduction. Afterward, due to
the pressure applied by the end of vertical cylindrical
channel (ECAP region), the sample tends to expand
and restores its initial diameter (15mm). Then, the
sample tolerates the strain applied by the ECAP area
and enjoys more strains. And finally, the sample meets
the exit extrusion region at the end of the horizontal
channel. This step not only applies a diameter reduc-
tion by Imm to the sample, it also plays an important
role in creating the hydrostatic compressive stress af-
fecting damage and quality of the CECAPed sample.

3. Materials and Experimental Method
for CECAP

In the current paper, a commercial CP-Ti grade 2 in
the form of cold extruded rod was utilized whose chem-
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ical composition is shown in Table 1.

d>
a

Input

Extrusion
Exit

Extrusion

(d)
Fig. 1. Input Extrusion zone b) ECAP region c) Exit
Extrusion zone d) CECAP model.
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In addition, the as-received optical microscopic
(OM) microstructure of the used CP-Ti with an aver-
age grain size of 15 pum is shown in Fig 2. For the pur-
pose of OM observation, the selected zones were pol-
ished with 0.05 pm colloidal silica and etched in a so-
lution containing 2%HF+6%HNO3 +92%H-0. In the
current experimental tests, a ram speed of 0.25mm/sec
was used for various conditions. Moreover, the CE-
CAP die and hydraulic press shown in Fig. 3 were ap-
plied to experimental testes. This CECAP die includes
the diameters of 13mm, 15mm, and 14mm for the in-
put extrusion zone, the ECAP zone, and exit extrusion
zone, respectively. The temperature of 250°C' was used
to perform experimental testes. A ceramic heater was
used to rise the sample temperature for performance,
as shown in Fig. 3c. To investigate the accuracy of the
proposed FEM model, the hardness of the experimen-
tally fabricated specimen was measured and compared
to FEM results. Vickers microhardness measurements
were carried out by applying 10s dwell time and 30g
load with a loading rate of 4g/s. The tests were per-
formed on the cross section perpendicular to the sam-
ple’s moving axis. Moreover, to enhance the accuracy
of the performed testes, the indentation was repeated
five times at each location on the sections, and the av-
erage microhardness values were reported.

Table 1
Chemical composition of used CP-Ti in the current work.

Element (0] N Fe Pd Mg OCr

Percentage 0.19 0.03 0.14 019 0.12 02
volume (%)

Fig. 3. a) Schematic representation of the current
designed CECAP die set, and b) Press applied for ex-
perimental process ¢) Ceramic heater for experimental
testl.

4. Finite Element Method

In order to simulate RSM experiment set, commercial
Deform-3D V11 software with 3D model was employed.
The sample was designed to be plastic owning cylin-
drical shape with a height of 70mm and a diameter
of 15mm. Moreover, the CECAP die and ram were
assumed to be rigid bodies in the FEM analysis. A
tetrahedral mesh with a minimum mesh size of 0.8mm
was selected in this study. The mesh convergence cri-
terion was applied to determine precise mesh numbers
and then, a tetrahedral element with a total number of
56000 was selected. The automatic remeshing option
was activated to accommodate large deformation over
simulation. All analyses were performed at a ram speed
of 0.25mm/s. In order to determine the stress-strain re-
lation and consequently achieving simulation constants
at selected temperatures, the software library was used
for CP-Ti grade 2 and its properties are shown in Table
2 and Fig. 4.
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Table 2
Properties of used material.

Poisson’s ratio Young’s modulus

250°C' = 103GPa

0.3 300°C = 101GPa
350°C' = 100GPa
1150 +
-
~ 1000 t -
o -~
< ’
=~ 830 t
g 7
= s
& 700 ——strain rate= (.25
IE — —strain rate= 16
350
400 L L L L L ]
0 02 0.4 0.6 0.8 1 12
True strain

Fig. 4. True stress-strain diagram for the current CP-
Ti used in this study for two different strain rates.

5. Response Surface

(RSM)

Methodology

Die geometrical parameters of CECAP such as input
and exit extrusion angle, input extrusion diameter, and
the longitude distance of input extrusion to the ECAP
region, and process parameters such as temperature,
strain rate, and frictional condition have significant ef-
fects on the quality and improvement of the response
parameters of the CECAPed samples. Thus, extract-
ing the relation between input and response parameters
play a considerable role in the successful performance
of the CECAP process. In this study, Design Expert
V11 software was used to extract the RSM’s central
composite design (CCD) set of experiments with four
input variables in four levels (Table 3). The levels for
each of factors in the RSM study, stated in Table 3,
were considered from Refs. [7,15,16] and the authors’
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knowledge. Temperature (T), input extrusion diam-
eter (D), exit extrusion angle («), friction coefficient
(1), and longitudinal distance of input extrusion to
ECAP region (L) were considered as input variables
and hydrostatic compressive stress (o) was selected as
response variable. A total of 30 experimental testes (24
separate experiments with six repetitions of the central
point) were obtained as shown in Table 4. ANOVA
was performed to verify the effectiveness of the pro-
posed mathematical model. It was also used to de-
termine the significant factors by calculating a p-value
lower than 0.05. The higher values and uniform dis-
tribution of the hydrostatic compressive stresses can
significantly influence the strain distribution where as
it rises, the strain homogeneously distributes through-
out the obtained specimen [16] Quantitative relations
namely standard deviation (SD) was used to represent
non-homogeneity of stress written by Egs. (1) and (2)
[17], respectively, as follows:

n 2
S.D— \/Zi_l (05 — Tave)

n

3 (o)
Oave = ==L (2)

(1)

Where, o; and o, represent the effective hydro-
static compressive stress at the i;; point and the aver-
age hydrostatic compressive stress, respectively. N is
the number of selected points on the cross section.

6. Results and Discussion

In order to examine the accuracy and effectiveness
of the proposed mathematical RSM-based model, and
also to determine significant factors, ANOVA was im-
plemented as illustrated in Table 5. In this analysis,
F value represents whether the variance between the
means of two populations is significantly different or
not, where as the F value increases, the relative vari-
ance among the group means improves. The p-value
presented by ANOVA is an important criterion deter-
mining the significant factors and their percentage con-
tribution in response, where if p-value for an individual
factor is calculated less than 0.05, it means that the
factor can be considered as a significant factor.

Table 3
Process Parameters and their levels involved in the analysis.

Levels variables Index  Level 1 Level 2 Level 3
Temperature (T, °C') A 250 300 350
Input extrusion diameter (D, mm) B 11 12 13
Exit extrusion angle (o, degree) C 50 60 70
Friction coefficient (u) D 0.2 0.3 0.4
Longitude distance of input extrusion to ECAP region (L, mm) E 12 15 18
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Table 4
Experimental design matrix and response values in CECAP for
CP-Ti.

E g =z 7
E = &EU § 8= Z &
c 282 8§ ZSE£:%.3
§ 2 ESZ2 S v wmTEo:
£ EEEE8E ETLFEEOE
E & = & 9% 8 EafdgE R~
S EEERTEgEfCEEE
H B £ dseg2asaasd g2
1 250 11  50° 0.2 18 26
2 350 11  50° 0.2 12 19.5
3 250 13 50° 0.2 12 16.75
4 350 13 50° 0.2 18 41.6
5 250 11 70° 0.2 12 68.5
6 350 11  70° 0.2 18 52.9
7 250 13 70° 0.2 18 41.8
8 350 13 70° 0.2 12 21.9
9 250 11  50° 0.4 12 58.1
10 350 11 50° 0.4 18 18
11 250 13 50° 0.4 18 47.8
12 350 13 50° 0.4 12 23.5
13 250 11 70° 0.4 18 48.6
14 350 11 70° 0.4 12 19.7
15 250 13 70° 0.4 12 32.6
16 350 13 70° 0.4 18 35.5
17 250 12 60° 0.3 15 28.4
18 350 12 60° 0.3 15 42.7
19 300 11  60° 0.3 15 28.5
20 300 13 60° 0.3 15 35.7
21 300 12 50° 0.3 15 44.6
22 300 12 70° 0.3 15 61.6
23 300 12 60° 0.2 15 32.7
24 300 12 60° 0.4 15 45.1
25 300 12 60° 0.3 12 43
26 300 12 60° 0.3 18 35.5
27 300 12 60° 0.3 15 32.9
28 300 12 60° 0.3 15 32.9
29 300 12 60° 0.3 15 32.9
30 300 12 60° 0.3 15 32.9
31 300 12 60° 0.3 15 32.9
32 300 12 60° 0.3 15 32.9

Ultimately, the results achieved from the p-value
and F-value in the ANOVA table denote that among
CECAP input factors, A and C, and the interaction of
AB, AD, AE, BE, and CD influence the SD of hydro-
static compressive stress (o) considerably. Moreover,
the results revealed that input extrusion diameter, fric-
tional coefficient, and longitude distance of input ex-
trusion to the ECAP region are not significant factors
in the current analysis. In the ANOVE table, DOF,
Seq-SS, Adj-SS, and Adj-MS represent the degrees of

freedom of parameters, the sequential sums of squares,
the adjusted sum of squares, and the adjusted mean
squares, respectively. Finally, the mathematical for-
mulation between input variables and standard devi-
ation for hydrostatic compressive stress are presented
according to Eq. 3, as follows:

Standars Deviation (S.D) =
37.1084 — 6.5194A — 1.03058 + 5.4416C — 0.0916 D+
2.7027F + 6.1718AB — 0.2968AC — 5.1343AD+
4.9781AE — 4.7906 BC + 3.0468BD + 5.4843BE—
6.0468CD + 1.8406CE — 1.8968DE
(3)

Table 5
ANOVA of results for the CECAP process to identify significant
factors in hydrostat compressive stress (o).

Source DOF Seq-SS Adj-SS Adj-MS F-value P-value
Model 20  5119.36 5119.36 255.96 3.2 0.026
A:(T) 1 765.06 765.06 765.05 9.55 0.01
B: (D) 1 19.12 19.12 19.11 0.24 0.635
C: () 1 533.01 533.01 533.01 6.66 0.026
D:(n) 1 0.15 0.15 0.15 00 0.966
E: (L) 1 131.49 131.49 131.49 1.64 0.226
AB 1 609.47 609.47 609.47 7.61 0.019
AC 1 1.41 1.41 1.41 0.02 0.897
AD 1 421.79 421.79 421.79 5.27 0.042
AE 1 396.51 396.51 396.51 4.95 0.048
BC 1 367.2 367.2 367.2 4.59 0.055
BD 1 148.54 148.54 148.54 1.85 0.2
BE 1 481.25 481.25 481.25 6.01 0.032
CD 1 585.04 585.04 585.04 7.31 0.021
CE 1 54.21 54.21 54.21 0.68 0.428
DE 1 57.57  57.57 57.57  0.72 0.415

Fig. 5 illustrate surface plots to examine the in-
fluences of temperature (7'), input extrusion diame-
ter (D), exit extrusion angle (), frictional coefficient
(1), and longitudinal distance of input extrusion to the
ECAP region (L) on the standard deviation of hydro-
static compressive stress. Comparison of the curva-
ture of surface plots in Fig. ba shows that there is an
interaction between temperature and input extrusion
diameter which is in a good agreement with ANOVA
results. As shown in Fig. 5a, increasing the temper-
ature decreases the stress. However, the effect of in-
creasing input extrusion diameter on stress depends
on temperature. This is because of the simultaneous
synergetic effects of the large plastic flow (due to the
input extrusion diameter) and ease of deformation (due
to the higher temperature) [15,16,18]. Figs. 5b and ¢
state the interaction influences of the frictional condi-
tion versus exit extrusion angle, and input extrusion
diameter and longitudinal distance of input extrusion
to ECAP region, showing a suitable agreement with
results obtained from ANOVA outcomes.
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Fig. 5. 3D surface plots of the effects of input fac-
tors on SD of the hydrostatic compressive stress (o) in
current CECAP process.

Fig. 6 illustrates the contour distribution of the hy-
drostatic compressive stress for four different processes
on the cross section perpendicular to the moving axis
in the zones after first extrusion and before exit extru-
sion zones, illustrated by A and B in Fig. 6e. Figs.
6a, b, ¢, and d show ECAP, the conventional CECAP
(Input extrusion+ECAP) [15], new CECAP (Input ex-
trusion+ECAP+Exit extrusion) [16], and the current
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optimized CECAP, respectively. The hydrostatic com-
pressive stress values enjoy the maximum values in the
new CECAP (developed by [7] used in this study) and
the current optimized CECAP methods, because in
these two processes, once the top of the sample meets
in the secondary extruded zone, the diameter reduction
in the exit extrusion provides a backpressure and in-
creases the hydrostatic compression stress. Moreover,
as the angle of the extrusion increases, the resistance
towards the sample movement is created and, subse-
quently, the hydrostatic compressive stress is improved.
Beside this, the presence of the exit extrusion region
causes the ECAP area to be completely filled by the
sample, which is one of the brilliant advantages of the
new CECAP. In conventional CECAP and ECAP pro-
cesses, due to the lack of an exit extrusion region, the
lower backpressure is applied to the sample and the
probability of crack initiation is increased. Fig. 6f re-
veals the diagram of the hydrostatic compressive stress
(or mean stress) values for the mentioned four methods
in the area after first extrusion (path A). As it is seen,
the current method achieves the higher values where
it meets its maximum values at central parts of the
sample. Although the current method has higher val-
ues compared to other approaches, it almost equates to
the new CECAP at central parts of the sample. How-
ever, in Fig. 6g (path B), the comparison of the current
optimized CECAP and the new CECAP shows an ap-
proximately constant difference in all of the domain.
The exit extrusion angle acts as backpressure to the
process affecting the increase of the hydrostatic com-
pression stress on the whole length of the specimen.
This increase causes the section of the achieved speci-
men to be fabricated uniformly [7] and also reduce the
probability of crack initiation and propagation on the
specimen [16]. Fig. 7 shows the influence of the exit
extrusion angle, frictional coefficient, and ram speed on
the hydrostatic compressive stress for the cross sections
perpendicular to the moving axis before the ECAP
zone. The results revealed that the increase of the ram
speed causes the average of the stresses to be reduced
slightly regardless of the frictional condition. However,
this rise seems to be intensive in higher angles. This be-
havior is because of the multi-dimension effects of the
higher angles and higher ram speeds, meaning that as
the ram speeds rise, the influence of the higher exit ex-
trusion angles is more considerable than lower angles.
At lower speeds, due to the low velocity and movement
of dislocation while passing grain boundaries and an-
other barrier, the plastic flow comes across with diffi-
culties and causes the stresses to increase. In addition,
at higher speeds, due to the lack of complete filling of
the area between input extrusion and ECAP zones, and
consequently, reducing hydrostatic compressive stress,
the values of the hydrostatic compressive stress start
to drop for higher ram speeds as illustrated in Fig. 8.
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Fig. 6. Distribution of the hydrostatic compressive stress for four different processes: a) ECAP, b) CECAP
(Input extrusion+ECAP) [15], ¢) New CECAP (Input extrusion+ ECAP+Exit extrusion) [16], d) Current op-
timized CECAP (Input extrusion+ ECAP+Exit extrusion), e) Contour of simulated sample, f) Comparative

study of mean stress on path A, and g) Path B.

Additional achievement from Fig. 7 disclosed that
for lower ram speeds, the influence of the frictional con-
dition on hydrostatic compressive stress for various an-
gles shows an optimal point, meaning that the stress
starts to fall after a certain value of the frictional con-
dition. However, this condition is not carried out for
higher speeds, where the stress tends to go up at higher
speeds as the frictional condition rises.

Fig. 9 states the effects of the exit extrusion angle
on hydrostatic compressive stress for different longi-
tude distance of input extrusion to the ECAP region
shown by L. The outcomes show that as the exit ex-
trusion angles rises, the hydrostatic compressive stress
increases slightly in all domain of the horizontal axis
(shown by exit extrusion angle). A glance at the pro-
vided graph depicts a steady upward trend up to an an-
gle of 63° for L=13mm, but after that value, the slopes
start to be smooth on the rest of the angles reaching
-62 MPa at an angle of 75°. Further analyses disclosed
that as the longitude distance of input extrusion to
the ECAP region (L) rises, the mean stress drops al-
most linearly. This behavior is due to the formation
of a larger space before the ECAP zone, needing more
backpressure applied by the ECAP area to fill that area
and improve the hydrostatic compressive stress.

The experimental CECAPed specimen of CP-Ti in
the current CECAP process was performed to verify
the validity of the proposed FEM model, as shown on
Fig. 10. Thus, the load-stroke diagram for both exper-
imental and FEM specimens were achieved. In addi-
tion, the hardness was measured for fabricated speci-
mens. The measurements were performed on the cross

sections perpendicular to the moving axis before and
after of the ECAP zone in the CECAP process, as
shown on Fig. 10b. Fig. 8 compares the distribu-
tion behavior for the hardness obtained from the ex-
periments and the strain obtained from FEM. In Fig.
11b for the current CECAP, the hardness in section A
at the points near to the center and outer surfaces of
the sample reach 20 and 24 HRC, respectively, where
the maximum variation for hardness was calculated at
about 16% throughout the cross section. The hardness
distribution in section B shows a steady fine downward
trend dropping from the upper part of the sample to
down at the centers of the sample, which is in a good
agreement with the distribution model of the strain.
Fig. 11a demonstrates the effective strain distribution
on sections A and B. As it is seen, the distribution be-
havior is the same as hardness distribution, where the
strain decreases as it goes near to the centers of the
sample.

[ #m=0.2 @m=0.3 @m=0.4
-130
=
> I
< .170 }
W
4 I
=] ]
Z 210 g
]
3 i Z
o
= Z
-250

=
Il
=N
o



Analysis of Influences of Parameters on Hydrostatic ...: 69-81 78

#m=0.2 @Bm=0.3 Bm=04

- -130 }
=
A —
% -170 } =
7] ]
= =
g 210 | =
g =
2 2

-250 =

(b)
+ m=0.2 @m—0.3 Bm=0.4

= -130 }
A
g -170 g:E
= ﬂ =
& -210 / |
S =

250 A

@ =150

(c)

Fig. 7. Influence of the exit extrusion angle, frictional
coefficient and ram speed on hydrostatic compressive
stress on the cross section perpendicular to moving axis
before ECAP zone (Initial sample diameter 15mm, in-
put extrusion diameter of 13mm, longitude distance of
input extrusion to ECAP region

L=15mm and temperature of T=350°C" all conditions).
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Fig. 8. Influence of ram speed on filling area and con-
sequently hydrostatic compressive stress on the area
between input extrusion and ECAP and zones a) Ram

speed = 0.15mm/sec b) Ram speed = 0.25mm/sec c)
Ram speed = 0.35mm/sec.
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Fig. 12 shows a typical OM microstructure of CP-
Ti after the CECAP process extracted from the trans-
verse section, depicting grain refinement. As expected,
there is a significant refinement in grain size compared
to the as-received microstructure (Fig. 2). A glance at
the graph provided in Fig. 12 revealed that the major-
ity of deformed grains were enlarged and that a very

lamellar fine structure is appeared. The average de-
formed grain size for the current CECAP was reduced
to 100 nm, which is considerably smaller than that for
the as-received material. A more comparative inves-
tigation of strain inhomogeneity from the longitudinal
section of the processed sample in Fig. 12 disclosed
that the microstructure of the current CECAP is sig-
nificantly composed of grains, which seems to be less
elongated on C than on point A. Thus, it can be con-
cluded that although there is a small quantitative dif-
ference in the strain inhomogeneity in the OM observa-
tion among points, the elongation of deformed grains
for the current CECAP on point A is a little more.
Moreover, for point C, the grain size is larger reaching
3 pum, while the grain size reaches 1.5 um for point A.
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Fig. 9. The effects of the exit extrusion angle on the
hydrostatic compression stress for the current CECAP
after ECAP zone for various L.
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(b)
a) Experimentally fabricated CP-Ti sam-
ple, and b) The position of the cross sections used for
hardness measurements in the current designed CE-

Fig. 10.

CAP die.
4

Section A
= ] — — —Section B
= 37
FE | T e
v =
£8 271
o B .
<
= T \ /
0 T g T g T +
0 5 10 15
Displacement (mm)
(a)
34
Current CECAP- A
= -+ Current CECAP-B
.30 + . -
° e~
= 26 +
g -
g 22 ¢ & N
= |
==
18 T + r } r + r
0 5 10 15

Displacement (Inm)

(b)
Fig. 11. a) Strain distribution achieved from the nu-
merical study, and b) Hardness distribution obtained
from experimental test on the cross section perpendicu-
lar to moving axis before and after ECAP zones shown
by A and B, respectively, in the CECAP process.
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7. Conclusions

Cyclic extrusion compression in equal channel angular
pressing (CECAP) was studied to inspect the influence
of the input variables including Temperature (7'), input
extrusion diameter (D), exit extrusion angle (), fric-
tional coefficient (u), and longitude distance of input
extrusion to the ECAP region (L) on hydrostatic com-
pressive stress (response parameter). Finite element
analysis (FEA) and response surface method (RSM)
were performed to carry out the study. The medical
importance of CP-Ti has attracted the authors’ atten-
tion to consider it as a case study. To quantify the
hydrostatic compressive stress, the standard deviation
(SD) was developed. RSM and analysis of variance
(ANOVA) were employed to mathematically extract
the model for the response and calculate the effec-
tiveness of the parameters, respectively. Experimental
tests and OM observation were carried out. Deform
3-D and Design Expert software were employed to nu-
merically simulate the process and run the RSM exper-
iments, respectively. Finally, the following conclusions
can be drawn:

e Results revealed that factors A (temperature)
and C (exit extrusion angle), and the interaction
of AB (temperature and input extrusion diame-
ter), AD (temperature and frictional coefficient),
AE (temperature and longitude distance of input
extrusion to the ECAP region), BE (input ex-
trusion diameter and longitude distance of input
extrusion to the ECAP region), and CD (exit ex-
trusion angle and frictional coefficient) influence
the hydrostatic compressive stress (o) consider-
ably.

e Moreover, the obtained outcomes showed that
the frictional coefficient and longitude distance
of input extrusion to the ECAP region are not
significant factors in the current analysis.

e Comparison of the curvatures of surface plots
shows that there is an interaction between tem-
perature and input extrusion diameter which is
in a good agreement with ANOVA results.

e Distribution of the hydrostatic compressive stress
for four different processes on the cross section
perpendicular to the moving axis was studied in
the zones after first extrusion and before exit ex-
trusion zones in the conventional CECAP (In-
put extrusion+ECAP), the new CECAP (Input
extrusion+ ECAP+Exit extrusion), and the cur-
rent optimized CECAP respectively. The results
showed an improvement for the current method
compared to other approaches.
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For lower ram speeds, the influence of the
frictional condition on hydrostatic compressive
stress for various angles shows an optimal point,
meaning that the stress starts to fall after a cer-
tain value of the frictional condition.

The results revealed that the increase of the ram
speed causes the average of the stresses to be re-
duced slightly regardless of the frictional condi-
tion.

At higher speeds, due to the lack of complete
filling of the area between input extrusion and
ECAP zones, and consequently reducing hydro-
static compressive stress, the values of the hydro-
static compressive stress start to drop for higher
ram speeds.

The outcomes show that as the exit extrusion
angles rise, the hydrostatic compressive stress in-
creases slightly in all domain of the horizontal
axis (shown by exit extrusion angle).

Hardness on the sections of fabricated specimens
were measured and compared to the distribution
behavior of the strain on the simulated speci-
mens’ sections. The results revealed that their
variation trend is the same on the specimen sec-
tion.

The OM observation revealed that on the points
to the outer surface of the CECAPed specimen,
the grain size is more elongated.
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