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Cyclic extrusion compression angular pressing (CECAP) is a novel severe plastic 

deformation (SPD) method applied to improve the mechanical and metallurgical properties 

of materials. In this research, finite element analysis and response surface method were 

considered for CP-Ti in CECAP process. Temperature, input extrusion diameter, exit 

extrusion angle, shear factor and longitudinal distance of input extrusion to the ECAP region 

were selected as input parameters to study strain distribution in the current process. The 

analysis of variance (ANOVA) was developed for current work, and the results showed that 

input parameters of input extrusion diameter and shear factor, and the interaction of the 

temperature and longitudinal distance of input extrusion to ECAP region, and the shear 

factor and longitudinal distance of input extrusion to ECAP region considerably affect the 

strain distribution. Hardness measurement in section A at the points near the center and outer 

surfaces of the sample showed the hardness of 21 and 24 HRC respectively. At this point, 

the maximum difference for hardness was achieved at about 12% throughout the cross 

section which is in suitable agreement with the strain distribution model. Moreover, the 

optical microscope (OM), both current CDECAP and conventional CECAP, showed that the 

majority of deformed grains were enlarged. The average deformed grain size for the current 

CECAP was reduced to 100 nm, which is considerably smaller than the conventional 

CECAP with an average grain size of 300 nm. Furthermore, the load-stroke diagram was 

achieved by executing experimental tests and comparing the results achieved the numerical 

model. The results showed a good agreement between them.  
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1. Introduction 

 

Titanium and its alloys, e.g., Ti–6Al–4V have 

excellent properties such as corrosion behavior, 

mechanical properties and biocompatibility that is used  
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in the field of fabricating biomedical equipment which 

has received great attention among investigators [1,2]. 

Due to the wide advantages of nanostructured and 

ultrafine-grained materials by SPD methods, researchers 

have considerably used them. Many investigators have 

focused on the modification, improvement, and 

development of new SPD methods, because of its 

excellent advantages such as: improved mechanical 
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 characteristics and grain refinement [3, 4]. Although, 

titanium alloys such as Ti–6Al–4V have better 

mechanical properties compared to pure titanium (CP-

Ti), there is a problem with this alloy releasing toxic 

metal ion by alloying elements and biological 

incompatibility restricting its application [5, 6]. Hence, 

CP-Ti is a suitable choice for medical purposes, 

provided that, the strength of it be improved by grain 

refinement. Under these circumstances, CECAP is one 

of those techniques that produces nanostructured 

materials [7-8].  

To produce high plastic strain in materials, cyclic 

extrusion compression (CEC) is one of the well-known 

SPD techniques used. In the mentioned method, an 

initially cylindrical sample enters through two similar 

cylindrical channels (vertical to each other) with the 

same diameter linked via a reduced cross-section neck 

(extrusion). In each operation of the CEC process, it 

performs an extrusion followed by compression in the 

second channel helped by backpressure to retain its 

initial shape. However, in order to retain the initial 

shape, the backpressure should be applied for the reverse 

compression in the second channel of CEC noticed as the 

main problem with the current method. To solve this 

problem, a new technique, namely cyclic expansion 

extrusion (CEE), was introduced to eliminate the 

backpressure from the CEC process [9, 10]. In this 

technique, when the material touches the outlet channel, 

its movement is temporarily obstructed causing it to 

expand the material under pressure. But, 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].    

Equal channel angular pressing (ECAP) is an SPD 

method being widely used for severe plastic deformation 

demands. It has been used for a wide variety of materials 

such as Al-Mg alloys, AZ91 alloy, AZ31 alloy, and 

Titanium alloys [12].  In spite of having excellent 

properties of the ECAPed samples, the papers showed 

that strain inhomogeneity on the sample sections can be 

considered as the main problem of the current procedure 

[13,14]. In order to solve the problems of CEC and 

ECAP methods, CECAP was developed combining 

advantage of CEC and ECAP methods by M. Ensafi et 

al. [15]. In the first step of the current method, the 

cylindrical sample goes through a compression extrusion 

(input) before reaching the ECAP region. Then, as the 

sample touches the ECAP section, due to the applied 

pressure by that area, the sample starts to fill the space 

between the CEC and ECAP areas resulting in the 

sample restoring its initial shape. The combination of the 

CEC and ECAP simultaneously shows its advantages on 

the CECAP. The accumulative applied strain that is 

achieved is equal to the total strains on CEC and ECAP 

methods. However, it suffers from lower hydrostatic 

compression stresses on the CECAPed samples that is 

identified as the problem of the current method. In order 

to solve the stated problem, S. Ahmadi et al. [7] 

proposed a novel CECAP method enhancing the 

hydrostatic compression stress and strain uniformity on 

CECAPed samples. In their method, an extrusion area 

was added to the horizontal (output) channel. Hence, the 

strain non-uniformity and the lack of hydrostatic 

compressive stress were compensated by the extra 

extrusion area. S. Ahmadi et al. [16] investigated the 

microstructure and the mechanical properties of the 

AM60 magnesium alloy by using the new CECAP 

method. Results showed that the proposed method and 

the CECAP-processed conditions created more hardness 

values to rise constantly, up to 196% and 175% for the 

proposed CECAP and conventional CECAP methods 

after four passes compared to the unprocessed samples, 

respectively.  

Due to the lack of studies considering the effects of 

the process and geometrical parameters of the CECAP 

process for CP-Ti, this study has been conducted to 

indicate the influences of the input parameters including 

the temperature (𝑇), input extrusion diameter (D), exit 

extrusion angle (𝛼), shear factor (𝑚), and the 

longitudinal distance of input extrusion to the ECAP 

region (L) on the respond parameter of strain 

distribution. For that reason, the response surface 

method (RSM) and FEM were selected. The Design of 

Expert and Deform 3-D software’s were applied to run 

experiments and the simulations, respectively. 
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Furthermore, due to the lack of sufficient investigations 

carried out to analyze CP-Ti (with excellent medical 

applications) processed by CECAP with the mentioned 

input variables, it was decided to investigate this 

material as a case study. Moreover, a load-stroke 

diagram and microhardness measurement were 

performed to validate the accuracy of the FEM 

simulations. Moreover, ANOVA analysis was 

performed to calculate the significant parameters and to 

determine the accuracy of the proposed mathematical 

model.  

 

2. Experimental Procedure 

 

2.1. Principles of CECAP 

 

In the CECAP process, two interchangeable 

extrusion inserts are located before and after the ECAP 

zone. The die was fabricated from two cylindrical 

channels with a diameter of 15 mm, and an ECAP 

deformation area consisting of a channel angle of 90° 

and a corner angle of 20°. As the operation starts, the 

input extrusion zone with a 2 mm reduction receives the 

cylindrical sample with a diameter of 15 mm passing 

through the vertical channel. Then, due to the resistance 

applied by the end of the vertical cylindrical channel 

(ECAP zone), it starts to expand and restore its initial 

shape (diameter 15 mm). In the next step, the sample 

goes through the ECAP area and receives more strains. 

Ultimately, the sample reaches the output extrusion zone 

at the end of the horizontal channel. This area forms a 

diameter reduction by 1 mm.  Moreover, it creates an 

extra backpressure on the CECAP process. The sum of 

the train applied to the sample on the CECAP process, is 

the combination of the three different operations 

including the ECAP and two extrusion stages denoted by 

Eqs. (1), (2) and (3) [7, 15, 16].  Thus, Eq. (4) can be 

used to present the total applied strain on the CECAP 

process for one pass: 

 

𝜀𝐸𝐶𝐴𝑃 = 1 ⁄ √3 {2 cot (φ ⁄ 2 + (ψ) ⁄ 2) +

ψ csc (φ ⁄ 2 + ψ ⁄ 2)}                                              (1) 

 

𝜀𝐸𝑋𝑖 = 4 ln M D⁄                                                           (2) 

  

𝜀𝐸𝑋0 = 2 ln M E⁄                                                           (3)    

 

𝜀𝐶𝐸𝐶𝐴𝑃 = {1 ⁄ √3 [2 cot (φ ⁄ 2 + ψ ⁄ 2) +

      ψ csc (φ ⁄ 2 + ψ ⁄ 2) ] + 4 ln M ⁄ D + 2 ln M ⁄ E}                             

                                                                                         (4)    

Where, 𝛼1 and 𝛼2 show the input and exit extrusion 

angles with values of 60°.  φ and ψ depict the channel 

angle and corner angle on the CECAP die as illustrated 

in Fig. 1. The main vertical and horizontal channels 

diameter (namely M. D and E) represent the input and 

output extrusion diameters, respectively. As can be seen 

from Eq. (4), this relation is independent of the strain rate 

and the frictional coefficient. Thus, their influences will 

be considered separately.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. (a) Input Extrusion zone (b) ECAP region (c) Exit 

Extrusion zone (d) CECAP model.  

 

 

 

(a) 

(b) 

(c) 

(d) 
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2.2. Materials and Method 

 

In this paper, CP-Ti in the form of cold extruded rod 

was applied, the chemical composition of which is 

illustrated in Table 1. Samples with 15 mm in diameter 

and 70 mm in length were machined by a wire cut 

machine from the as-received CP-Ti rod. They were then 

annealed at 650 °C for 60 min by an electric furnace and 

then furnace-cooled to room temperature to improve 

their plastic deformation. To show the accuracy of the 

proposed numerical model, the hardness of the 

experimentally fabricated sample was measured and 

compared by numerical results. Rockwell C (HRC- ISO 

6508-1) hardness measurements were executed in the 

current work. The tests were carried out on the cross-

section perpendicular to the moving axis of the sample. 

As illustrated on Fig. 2 (c), the ceramic heater was 

applied to rise the sample temperature during operation. 

The temperature applied by this heater has a tolerance of 

5 °C controlled by a laser heat measurement device 

(Taipo IRG 1350) as shown in Fig. 2 (b). Moreover, to 

enhance the accuracy of the performed tests, the 

indentation was repeated 5 times at each location on the 

sections and the average microhardness values were 

reported. A split CECAP die configuration consisting of 

two similar symmetric sets were applied Fig. 2. Hot 

compression test was performed at temperatures of 

270 °C, 300 °C, and 330 °C [17] and the strain rates of 

0.01, 0.1, and 1 s-1 to extract the stress-strain behavior of 

the used CP-Ti in the current simulation. Finally, the 

stress-strain behavior of the mentioned material obtained 

from the experimental hot compressive tests were 

achieved as illustrated in Fig. 3.  Using an optical 

microscope (OM), the microstructural observation for 

the as-received CP-Ti with an average grain size of 10 

μm has been shown in Fig. 3 (d). For OM observation, 

the selected areas were polished with 0.05 μm colloidal 

silica and etched in a solution containing 

2%HF+6%HNO3 +92%H2O.  
 

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

study 

Element O N Fe Pd Mg Cr 

Percentage 

volume(%) 

0.19 0.03 0.14 0.19 0.12 0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. (a) The current designed CECAP die set, (b) Laser 

heat measurement device and (c) Press applied for 

experimental process 

 

2.3. Finite Element Method 

 

The commercial Deform-3D V.11 software was 

applied to simulate the experiments in the current study. 

The sample was assumed to be plastic with a cylindrical 

shape of a diameter of 15 mm and a height of 70 mm. 

CECAP dies and rams were designed to be rigid bodies 

in the simulation process. The shear friction model was 

applied to simulations based on the values of reference 

[18]. The mesh convergence criterion was applied to 

determine the precise mesh numbers and then, 

tetrahedral element with a total number of 60000 was 

selected. The automatic remeshing option was activated 

to accommodate large deformation over simulation. 

 

2.4. Response Surface Methodology (RSM)  

  

Proper selection of the input process and die 

parameters in the CECAP process have a significant 

effect on the quality and improvement of CECAPed 

samples. Hence, the development of the relation among 

input and respond parameters can considerably affect the 

results. Design Expert V11 software was used to obtain 

the RSM central composite design (CCD) set of 

experiments with five input variables in three levels as 

illustrated in Table 2. The temperature, input extrusion 

diameter, exit extrusion angle, shear factor, and the 

(a) 

(c) 

(b) 



29 
 

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3                                                                            July 2023 

Strain Distribution for CP-Ti in Cyclic Extrusion Compression Angular…    

 

 

 
Fig. 3. Stress-strain behavior of CP-Ti obtained from the 

hot compression test for various temperatures and strain rates, 

(a) 270 ℃ , (b) 300 ℃ , and (c) 330 ℃ (d) Optical 

microscope of as-received CP-Ti used in the current paper. 
 

longitudinal distance of input extrusion to the ECAP 

region were selected as input parameters, and the strain 

distribution was selected as the responding variable. A 

total of 30 experimental tests (24 separate experiments 

with 6 repetitions of the central point) were calculated, 

as shown in Table 3. To verify the effectiveness of the 

proposed mathematical model, ANOVA was executed. 

It was also used to determine the significant factors by 

calculating with a p-value lower than 0.05. Quantitative 

equation, namely standard deviation (S.D), was applied 

and written by Eqs. (5)  and (6) [19], as follows:   

 

𝑆. 𝐷 = √
∑ (𝜀𝑖−𝜀𝑎𝑣𝑒)2𝑛

𝑖=1

𝑛
                                                 (5) 

 

𝜀𝑎𝑣𝑒 =
∑ (𝜀𝑖)𝑁

𝑖=1

𝑁
                                                               (6)  

 

     Where, 𝜀𝑖 and 𝜀𝑎𝑣𝑒  represent the effective strain 

distribution at the 𝑖𝑡ℎ point and the average strain 

distribution. N is the number of the selected points on the 

cross section.  

 

Table 2. Process parameters and their levels involved in the 

analysis 

    Levels 

 

 Variables 

Index Level  

1 

Level 

 2 

Level  

3 

   Temperature 

         (𝑇, ℃) 
A 270 300 330 

  Input extrusion 

       diameter 

       (D, mm) 

 

B 11 12 13 

   Exit extrusion 

         angle 

     (𝛼, degree) 

 

C 50 60 70 

     Shear factor 

          (𝑚) 

 

D 0.3 0.5 0.7 

    Longitudinal 

  distance of input 

extrusion to ECAP 

   region (L, mm) 

E 12 15 18 

 

3. Results and Discussion 

 

     ANOVA is implemented to inspect the accuracy and 

effectiveness of the proposed mathematical RSM-based 

model, and to determine significant factors, as illustrated 

in Table 4. In this investigation, the F value states 

whether the variance between the means of two 

population is significantly different or not, where, as the 

F value rises, the relative variance among the group 

means improves. The p-value shown by the ANOVA 

analysis is a significant criterion determining the 

significant parameters and their percentage contribution 

on respond, where, if p-value for an individual factor is 

calculated to be less than 0.05, the factor can be 

considered as significant. Finally, the results observed 
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 from the p-value and F-value of the ANOVA table 

shows that among the CECAP input parameters, input 

 

Table 3. Experimental design matrix and respond values for 

CECAP process for CP-Ti 
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𝐃
) 

T
em
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(𝐓
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E
x

p
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en
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0.0490 18 0.3 50° 11 270 1 

0.0437 12 0.3 50° 11 330 2 

0.712 12 0.3 50° 13 270 3 

0.0386 18 0.3 50° 13 330 4 

0.0219 12 0.3 70° 11 270 5 

0.0357 18 0.3 70° 11 330 6 

0.0265 18 0.3 70° 13 270 7 

0.0354 12 0.3 70° 13 330 8 

0.0339 12 0.7 50° 11 270 9 

0.0422 18 0.7 50° 11 330 10 

0.0673 18 0.7 50° 13 270 11 

0.0853 12 0.7 50° 13 330 12 

0.0672 18 0.7 70° 11 270 13 

0.0426 12 0.7 70° 11 330 14 

0.0833 12 0.7 70° 13 270 15 

0.0596 18 0.7 70° 13 330 16 

0.0508 15 0.5 60° 12 270 17 

0.0456 15 0.5 60° 12 330 18 

0.0612 15 0.5 60° 11 300 19 

0.0432 15 0.5 60° 13 300 20 

0.0381 15 0.5 50° 12 300 21 

0.0273 15 0.5 70° 12 300 22 

0.0384 15 0.3 60° 12 300 23 

0.0442 15 0.7 60° 12 300 24 

0.0272 12 0.5 60° 12 300 25 

0.0102 18 0.5 60° 12 300 26 

0.0304 15 0.5 60° 12 300 27 

0.0304 15 0.5 60° 12 300 28 

0.0304 15 0.5 60° 12 300 29 

0.0304 15 0.5 60° 12 300 30 

0.0304 15 0.5 60° 12 300 31 

0.0304 15 0.5 60° 12 300 32 

 

Table 4. Analysis of Variance (ANOVA) of results for the 

CECAP process to identify significant factors 
Source 

 
DOF Seq-SS Adj-SS Adj-MS 

F-

value 

P-

value 

Model 20 0.006799 0.006799 0.00034 2.8 0.041 

A: (T) 1 0.000029 0.000029 0.000029 0.24 0.635 

B: (D) 1 0.000436 0.000436 0.000436 3.9 0.05 

 C: (α) 1 0.000059 0.000059 0.000059 0.48 0.501 
 D: (m) 1 0.001049 0.001049 0.001049 8.66 0.013 

E: (L)  1 0.000228 0.000228 0.000228 1.88 0.198 

AB 1 0.000018 0.000018 0.000018 0.15 0.705 

AC 1 0.000011 0.000011 0.000011 0.09 0.765 

AD 1 0.000039 0.000039 0.000039 0.32 0.58 

AE 1 0.000774 0.000774 0.000774 6.39 0.028 

BC 1 0.000252 0.000252 0.000252 2.08 0.177 

BD 1 0.000799 0.000799 0.000799 6.6 0.026 
BE 1 0.000487 0.000487 0.000487 4.02 0.07 

CD 1 0.000105 0.000105 0.000105 0.86 0.373 

CE 1 0.000417 0.000417 0.000417 3.44 0.091 

DE 1 0.000766 0.000766 0.000766 6.32 0.029 

 

extrusion diameter and shear factor, and the interaction 

of temperature and longitudinal distance of input 

extrusion to ECAP region, shear factor and longitudinal 

distance of input extrusion to ECAP region considerably 

affect the strain distribution, where the remaining 

parameters seem to be insignificant in the current 

analysis. Finally, the mathematical formulation between 

input parameters and standard deviation for strain 

distribution presented according to Eq. 7, are as follows:  

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑠 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑆. 𝐷)
= 0.03327 − 0.001095 𝑨
− 0.004262 𝑩 − 0.001562 𝑪
− 0.006612 𝑫 + 0.003079 𝑬
+ 0.001068 𝑨𝑩 − 8.4375 𝑨𝑪
+ 0.001568 𝑨𝑫 + 0.006956 𝑨𝑬
− 0.003968 𝑩𝑪 + 0.007068 𝑩𝑫
− 0.005518 𝑩𝑬 + 0.002556 𝑪𝑫
− 0.005106 𝑪𝑬 − 0.006918 𝑫𝑬 

                                                                                    (7) 

Distribution of minimum, maximum and average 

strain values for current CECAP (test number 26 from 

Table 3 with lowest S.D value), conventional CECAP 

[15] and new CECAP [7] processes have been illustrated 

in Fig 4. It is seen that the current CECAP method better 

improves the strain values compared to the new CECAP 

[7] and the conventional CECAP [15] where, the 

maximum strain value has gone up to 4.2% and 10.2% 

with respect to the new CECAP [7] and conventional 

CECAP [15], respectively. Although, a significant 

improvement has been achieved for strain value in the 

current CECAP approach, the strain inhomogeneity 

seems to have more significantly improved in 

comparison to the maximum strain values. It also obtains 

a reduction of about 10.2% compared to the new CECAP 

[7]. Moreover, the comparison of the maximum and 

minimum effective strain difference ratio for various 

ram speeds ((𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛)|𝑉=0.2 𝑚𝑚/𝑠𝑒𝑐  / (𝜀𝑚𝑎𝑥 −

𝜀𝑚𝑖𝑛)|𝑉=0.35 𝑚𝑚/𝑠𝑒𝑐  ) in the case of the current optimized 

CECAP, the new CECAP [7] and the conventional 

CECAP [15] states that, its value for the current CECAP 

is lower than those two methods (Fig. 5). This is because 

of the use of optimal conditions for the process 

parameters which causes strain to be distributed 

uniformly and with higher values. Furthermore, it can be 

due to the velocity variations between material elements 
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and torsional deformation mode at the center and surface 

of the CECAPed sample and its effect on minimum 

strain at the center of sample [20]. Finally, the 

mathematical relation between input parameters and 

standard deviation for strain inhomogeneity are stated as 

follows:      

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑆𝑡𝑟𝑎𝑖𝑛 𝐼𝑛ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦
= 0.0145 + 0.0076 𝑽 + 0.0042 𝑵
− 0.0053 𝑪 + 0.0037 𝑳
+ 0.0021 𝑽𝑵 + 0.0083 𝑽𝑬
− 0.0065 𝑽𝑳 − 3.641 𝑵𝑬
− 0.0087 𝑵𝑳 + 0.0012 𝑬 

                                                                          (8) 

 
Fig. 4. (a) Mini, maxi and average strain values current 

CECAP, (Input extrusion+ECAP+Exit extrusion) [7], (Input 

extrusion+ECAP) [15] for V=0.2 mm/s,𝛼 = 60𝑜, 0.5, D=12 

mm, L=18 mm, 𝑇 = 300℃. Simulation model for (b) current 

CECAP and (c) conventional CECAP [15]. 
 

In order to accurately figure out the strain distribution 

at various zones of the CECAPed specimen for the new 

CECAP [7] and current CECAP, the distribution of the 

effective strain at three different sections namely, A, B 

and C (three sections are the areas after input extrusion, 

after ECAP and after exit extrusion zones, respectively) 

were analyzed (Fig. 6). The Graph provided in Fig. 6 (a) 

shows that. In all three paths, the strain depicts 

inhomogeneity on the sections of the specimen for both 

methods. For path A, due to the presence of input 

extrusion, the strain inhomogeneity seems to be 

intensive for both methods and the effective strain values 

increases to about 1.5. In this path, although, the 

effective strain value for the two methods has the same 

value, the strain distribution is better for the current 

CECAP method, where the maximum strain difference 

was calculated at about 0.9, while, for the new CECAP 

[7] it was 1.2. At path B, the sample passes through the 

ECAP area and the strain rises again causing 

inhomogeneity. Under these circumstances, due to the 

intense plastic strain mechanism at areas near the inner 

parts of the die, as shown in the diagram, the maximum 

effective strain for the new CECAP [7] reaches 2.9. 

however, the strain distribution behaves better for the 

current CECAP compared to the new CECAP [7].   

Finally, at path C, as expected, because of the applied 

hydrostatic compressive stress, and consequently extra 

strain by exit extrusion operation, the strain 

inhomogeneity appeared for both methods. However, 

due to the use of the optimal parameters for the current 

CECAP process, the strain inhomogeneity has a better 

condition compared to the new CECAP [7]. Figs. 6 (b), 

(c) and (d) show the numerically CECAPed samples for 

the current CECAP process at three mentioned sections 

(A, B and C) and the effective strain and strain 

inhomogeneity are seen through the sections.   

The experimental CECAPed samples of CP-Ti in the 

current CECAP process was carried out to verify the 

validity of the proposed numerical model, as illustrated 

in Fig. 7. For that reason, a load-stroke diagram for both 

experimental and numerical samples was obtained. 

Moreover, the hardness was measured for the current 

CECAP and new CECAP methods [7]. The 

measurements were performed on the cross sections 

perpendicular to the moving axis before and after the 

ECAP zone in the CECAP process, as illustrated on Fig. 

7 (b). For further study, the hardness measurement in the 

HRC (Rockwell) scale in the longitudinal section 

parallel to the moving axis of the CECAPed sample was 

also measured as illustrated in Fig. 7 (c).  

Fig. 8 compares the hardness distribution on the 

experimental samples between new CECAP [7] and 

current CECAP. At Fig. 8 (a) for current CECAP, the 

(a) 

(b) 
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 hardness in section A at the points near the center and 

outer surfaces of the sample receive up to 21 and 24 HRC 

respectively, where, the maximum variation for hardness 

was calculated at about 12% throughout the cross section 

which is in good agreement with the distribution model 

of the strain distribution. The micro-hardness 

distribution in section B shows a steady fine downward 

trend dropping from the upper end of the sample to its 

lower end. At section C (after exit extrusion), the 

hardness distribution shows a behavior similar to the 

strain pattern, where, its maximum and minimum 

reaches the values of 31 and 28.7 HRC, respectively. 

Fig. 8 (a), showed that, the experimentally fabricated 

specimen for the current CECAP improves the strain 

inhomogeneity compared to the new CECAP by 3%, 5% 

and 8% at sections A, B and C, respectively. The pattern 

for hardness distribution can be related to the 

microstructural evolution and obtained plastic strain. For 

that reason, the Hall–Petch relationship [20] can be 

applied to show how the obtained hardness can be 

assigned to strain values. This relation proves that the 

hardness of materials strongly depends on the grain size 

[21], where, as strain intensity and consequently grain 

size decreases, the hardness rises with the same trend. 

Fig. 8 (b) shows the hardness distribution along the 

moving direction of the sample, where there are three 

increases along the path Q shown at Fig. 7 (c) relating to 

the input extrusion, ECAP and exit extrusion zones, 

respectively. 

The experimentally fabricated CP-Ti sample in the 

current CECAP die has been shown in Fig. 7. As it was 

stated previously, it was used to investigate the validity 

and accuracy of the proposed numerical model. For that 

reason, the load-stroke curve of CECAP process was 

developed for both the experimental and numerical ones. 

The diagrams show three increases of slope over the 

stroke relating to input extrusion, ECAP and exit 

extrusion zones, respectively, as illustrated in Fig 9. 

However, there is some difference between graphs, 

where in all domains, due to the presence of some 

impurities and microstructural defects in the tested 

material, the graph for the experimental method shows 

slightly more operation load. Fig. 10 illustrates OM of 

CP-Ti after the CECAP process extracted from the 

transverse section depicting grain refinement. As 

expected, there is a significant refinement in grain size 

compared to as-received microstructure (Fig. 3 (d)).   

 

 

 

 

          

      

 

 

 

Fig. 5. Comparison of the strain distribution ratio for  

different ram speeds [7, 15]. 

 

 

 

 

   

 
Fig. 6. (a) Effective strain achieved for new CECAP [7] and 

current optimized CECAP for various sections (b) Section A, 

(c) Section B and (d) Section C. 

 

 

 

 

 

 

 

 

 

 

 

 
 Fig. 7. (a) Experimental CECAPed CP-Ti sample (b) The 

cross sections used for hardness measurements (HRC)  

 (c) Two splits of fabricated sample cut from longitudinal 

section parallel to moving axis. 

(c) (b) (d) 

(a) 

(c) 

(b) 

(a) 
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Fig. 8. (a) Hardness distribution achieved from experimental 

tests on the cross sections perpendicular to moving axis 

before and after ECAP zones, and after exit extrusion for 

current CECAP and new CECAP [7] (b) Hardness 

distribution along the longitudinal section parallel to moving 

axis (path Q) of CECAPed sample in the current CECAP 

process. 

 

 

 

 

 

 

 

 

 
Fig. 9. The load-stroke diagram in the CECAP process for 

CP-Ti to compare the experimental and numerical methods. 
 

 A glance at the graph provided in Fig. 10, revealed 

that for both current CECAP and conventional CECAP 

[15], the majority of deformed grains were enlarged and 

very fine structure appeared. The average deformed 

grain size for current CECAP was reduced to 100 nm, 

which is smaller than for conventional CECAP with an 

average grain size of 300 nm. Comparison of Fig. 10 (a) 

and (b) disclosed that the microstructure of the current 

CECAP is significantly composed by grains seeming to 

be elongated less compared by conventional CECAP 

method. Thus, it can be concluded that, although, there 

is a small quantitative difference in the strain 

inhomogeneity in OM observation between the 

mentioned methods, the elongation of the deformed 

grains for current CECAP along the moving axis seems 

to be less.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. OM observation for deformed CP-Ti extracted from 

transverse section (after exit extrusion zone) in the different 

positions A, B and C.  

 

 

4. Conclusion 

 

CECAP was studied to inspect the influence of the 

input parameters including temperature, input extrusion 

diameter, exit extrusion angle, shear factor and 

longitudinal distance of input extrusion to the ECAP 

region on strain inhomogeneity (respond parameter). 

FEM and RSM were used to carry out the investigation. 

Medical importance of CP-Ti has motivated the authors 

to consider it as a case study. To quantify the strain 
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 inhomogeneity, standard deviation was calculated. RSM 

and ANOVA were executed to mathematically develop 

the model for the response and calculate the 

effectiveness of the parameters, respectively. Deform 3-

D and Design Expert software were employed to 

numerically simulate the process, and run the RSM 

experiments, respectively. Finally, the following 

conclusions can be drawn: 

 

 Results revealed that input parameters of B (input 

extrusion diameter) and D (shear factor), and the 

interaction of AE (temperature and longitudinal 

distance of input extrusion to ECAP region) and DE 

(shear factor and longitude distance of input 

extrusion to ECAP region) significantly influence 

the strain distribution, where the remaining 

parameters seem to be insignificant variables in the 

current study. 

 Comparison for hardness distribution on the 

experimental samples between the new CECAP [7] 

and the current CECAP were carried out. The results 

showed that the hardness in section A at the points 

near the center and outer surfaces of the sample 

obtained the hardness of 21 and 24 HRC 

respectively, which is in good agreement with the 

strain distribution pattern. Moreover, the results also 

showed that the experimental specimen for the 

current CECAP enhances the strain inhomogeneity 

compared to the new CECAP by 3%, 5% and 8% at 

sections A, B and C, respectively. 

 The comparative investigation has been performed 

between the results of the numerical model and the 

experimental method for the CECAP process. The 

load-stroke diagram was carried out and the results 

showed a suitable agreement between their 

outcomes. 

 Optical microscope analysis taken from the 

longitudinal section of the CECAPed samples for 

both the current and conventional CECAP methods 

were carried out and the results showed that the 

strain inhomogeneity has improved in the current 

proposed method. The average grain size of 

deformed sample for the current CECAP was 

reduced to 100 nm, which is smaller than for 

conventional CECAP with an average grain size of 

300 nm. 
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