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Abstract

Nowadays, equal channel angular pressing, knowth@€£CAP process, is one of the most
popular methods for manufacturing ultra-fine grdingJFG) materials. In this paper, Ecap
process has been carried out on pure copper and &dininum alloy up to six passes by
route B.. Principal attention was paid to the influencepafameters such as diameter, material,
and the height of billet on mechanical propertiesl dardness homogeneity induced by the
process. Moreover, microhardness measurementedaui on the cross-section of the ECAPed
copper and aluminum showed 103 and 46 % increasaraness magnitude and 115 and 50% in
Syr after the sixth pass. Furthermore, hardness loligion got better for AA6012 and worse for
copper after six passes of ECAP. Finally, a comppitegram was used to obtain effective strain
distribution imposed to across the width at theteenf the samples after one pass. The results
obtained from the 3D FEM method were compared w#ithhardness measurement and showed
good conformity with experimental results, whicldicated that homogeneity strain improves as
increasing the diameter and height had no conspgaéfect on value and homogeneity of strain
and hardness of the central region of specimens.
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1. Introduction

Severe plastic deformation (SPD) is a popular neefioo producing ultra-fine grained materials
and has attracted wide attention because of unmeehanical properties obtained by this
procedure [1,2]. ECAP is one of the usual ways prabably the best of SPD processes that
extrudes samples through a die with specific genmtgatures. ECARvas first introduceds a
potential processing method by Segal [3,4]. Thiscedure has enormous advantages in
comparison with other techniques like rolling, hesm intense plastic strains can be imposed
without any change in the cross-section dimensibrthe sample. Therefore, highly desired
strains could be achieved by repeating the proeessimproving toughness and strength of
metallic materials[2]. During ECAP, a sample isgs&d through two intersecting channels with
the same cross sections. The schematic diagrane&€AP die is shown in Figure 1. The angle
between the channels and the outer corner angleedfireed by® and¥, respectively. There are
four fundamental routes that are shown in Figurelize difference between them is in the
activation of the slip system [5]. In route A, tees not any rotation. In route C, the sample
rotates180°after each pass. In routBg andB,, a90’ rotation in an alternate direction and in the
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same direction is applied to the sample betweeseamiiive passes [6]. The true achieved strain
of ey by ECAP can be related to the number of passethélchannel angle ob and the
curvature radius at the outer cordéby Eq.1[7]:

sNI% N, ((2 cot(?) ) + ¥ cosec (q);r—lp) ) (1)

Eq. (1) does not present the local deformation Wiehar the homogeneity of strain distribution
in the cross-section of the sample that is notinegkperimental work.

In recent years, numerous theoretical and expetaheivestigations have been conducted on the
ECAP process to demonstrate the effect of procesanpeters on material behavior. For
example, Sordi et al. [8] presented experimentdl ABM results and evaluated the relationships
between the ECAP die design, strain distributiod pressing forces.

An immense number of FEM works were performed taly@e the plastic deformation behavior
of the process with various die parameters [9-PdH].of them analyzed strain distribution of
ECAP after one pass. Most of the FEM works on EQWRe been modeled as 2D plane strain.
Several parameters were considered in the simoktiBor example, the plastic deformation
behavior of the billet during ECAP was performgdim et al. [16]. The effect of die geometry
on the effective strain was explored in some pajileesHan et al. and Nagasekhar et al. [17,18].
Nagasekhar [18] showed that acute tool-angles iIARECan increase the strain induced in the
material within minimum number of passes. Orugattial. [19] reported the influence of
backpressure, friction and strain rate sensitieitythe ECAP process. They found that friction
had different behavior in distinct temperature gbods. They concluded that although a
moderate amount was beneficial at room temperaftiction had a negative interaction with
strain rate sensitivity at high temperature. Despite fact that backpressure had large useful
effects, it had negative effects when combined Witltion and high strain rate sensitivity. Xu et
al. [20] surveyed the effect of different die chahangles and corner angles on effective strain in
the main deformation zone of the work-piece dus@AP. The studies of Yoon et al. [21] on the
ECAP process were aimed to identify the influenpatameters which cause the bending of the
work-piece during the ECAP process. Their resulisnsed that strain rate sensitivity plays an
important role on homogeneity of the microstructicreéhe effect that decreasing the processing
speed and increasing the length of the die exihmblaresult in better homogeneity. Kim et al.
[22] illustrated the corner gap formation betweka tie and work-piece during a plane strain
simulation. They pointed out that the strain dmition of the work-piece became more
inhomogeneous with a larger die corner gap. Alse,corner gap formation caused the strains in
the outside region of the work-piece to reduce simaultaneously increase the strains in the
inside region.

Unlike 2D simulations, there has been a few thieeedsional FEM works on the ECAP process
so far. Suo et al. [23] analyzed deformation hefeneity duringECAP after one pass by using
3D FEM in three perpendicular planes of the billBtey demonstrated that equivalent plastic
strains were not uniform in three directions. giahal. [24] explored the strain distribution and
working load of CP-Ti after four passes of ECAE &y FEM. It was obvious that the load
increased with the number of ECAE passes. Djavatretoal. [25] designed an ECAP die based
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on strain distribution uniformity. Their work prexed that theb=120°and ¥=15%r 60° were
the best die angles to achieve optimum strain disgteon homogeneity for the bulk of the
sample. It was also shown that the value®s60° and¥=15° were optimum parameters for
ECAP die based on the best strain distributionasmtfty at the cross-section of the sample.
Furthermore, there are many experimental papetsstate the influence of different parameters
on mechanical properties obtained by the ECAP mocgeveral works were concentered on the
effect of back pressure in ECAP [26-28]. These arpental works showed the positive role of
back pressure such as the ability to achieve gregit@in refinement, more homogeneous
structure and workability of alloys processed byAFCwas enhanced. Furthermore, using
backpressure caused more substantial enhancemeanicio hardness term of the ECAPed
samples. Several points with respect to temperafaceor during the ECAP process were
presented in some works [29-33]. First, theretisna@ency for larger grains or sub grains to form
at higher pressing temperatures. Second, the dradf low-angle grain boundaries increased
with increasing temperature. The examinations o ihfluence of the pressing speed
demonstrated that the pressing speed had no sigmifieffect on the equilibrium size of the
ultrafine grains formed by ECAP [34-36]. Experimemtere conducted by Nakashima et al. [37]
to determine the impact of channel angle), (using dies having channel angles from 90 to
157.5°. The experimental data expressed that ay aifr ultrafine equiaxed grains is achieved
most easily when the sample is subjected to a imeepse plastic strain using a die Wwib¥90°.

As mentioned before, there are four basic procgssintes in ECAP. The most published papers
concluded that sub grains grow more rapidly intays of high angle boundaries using route B,
less rapidly using route C and the evolution isvelst using route A [38, 39].

However, the role of the sample size, which ismapdrtant factor, has been reported just in few
papers [40]. This parameter could be especiallyomamt in order to find out the possibility of
using ECAP in industry. Horita et al. [40] preseht@mechanical properties of the AA1100
samples after six passes of ECAP and showed thatanial properties were independent of the
initial size. However, FEM simulations were not smiered in their investigations.

The aim of the present papeito experimentally and theoretically assess ffexieof length and
diameter of the ECAPed samples on mechanical piepehomogeneity of the microstructure
and hardness variation. For this purpose, two di#ls inside diameters of 10 and 20 mm were
prepared for the ECAP process. The process wasrpesfl up to six passes on specimens with
two different materials of pure copper and Al-Mg€i12. The effective strain magnitude and
homogeneity of strain on the cross-section of tam@es were also studied by FEM and
compared with experimental results. The experimevise repeated for 3 times in order to
decrease the experiments errors.
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Figurel. Schematic diagram of the ECAP die [41]
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Figure 2. Four fundamental routes [41]

2. Experimental procedure
2.1 sample preparation
The experiments were conducted using-shaped samples of AA 601&hd pure copper

99.97% andhe chemical composition of them is representeliainles 1and2, respectively.

Table 1.The chemic: composition of commercial pure copper

Zn Pb Sn P Mn Fe Ni Si Mg Cr Sb
0.0058 < < < < < <
0.0023 000551 4 h0o: | 0.0002| %°%*3| 0.0020 | 0.0004| 0.0001| 0.0001| ©:00011
Cd Bi Co Al S Be Zr B Ti Cu As
< loooo01| . = < lo0.0012| . = 000037 = S logo76| =
0.0001| *" 0.0006| 0.0007 | - 0.0001| *" 0.0001| 0.0001| " 0.0001
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Table 2. The chemical composition of commercial AAB

Al Si Fe Cu Mn Mg Zn Ni Cr Pb Ti Be

rest | 0.86 | 0.339|0.072|0.439| 0.77 | 0.056 | 0.002 | 0.04 | 1.590| 0.027 | 0.001

Ca Sr Bi \% Zr Sn Na B Ag P Co Li

0.001 | 0.001 | 0.001 | 0.004 | 0.002 | 0.002 | 0.001 | 0.003 | 0.001 | 0.005 | 0.001 | 0.055

The initial rods of AA6012 and pure copper were hiaed to samples with 10 and 20 mm in
diameter and with lengths of 70 and 50 mm for edielmeter. After that, the copper samples
were annealed in a vacuum condition at é9@r 2h and then cooled in the furnace. The Al
samples were annealed at 48@or 1h and then cooled down in air to room terapee.

2.2 Process parameters
The ECAP process was performed at room temperét@ée °c) with a pressing speed oflﬁsm .

MoS2was also usedas lubrication. According to the literature, amdhg conventional routes
A, Bc and C, route Bis the most optimum processing route [38,39]. Tloeeg six passes with
route B were chosen in the experiments. Figure 3 showssdinaples after the process. Two
ECAP dies were designed and manufactured from odloé gteel X153CrMoV12 and then
hardened to 55 HRC. The channel angdé and outer corner anglet” of the both dies were
120 and 20, respectively. However, they were different in cheindiameter. The diameters of
the die channels were 10mm and 20mm. The die gegprhas a significant influence on the
strain imposed on the sample in each pass. Withrdeg these values df and¥ the dies lead to
the imposed strain of ~0.63 in each passage of Isathpugh the die [7]. The hydraulic press
and the ECAP dies set-up are shown in Figure 4
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befure ECAP after 0 passes of ECAP

b before ECAP after 6 passes of ECAP

Location of the sample

//,71" used for hardness

|

measurement

Figure 3. Billet after six passes a) AA 6012 wiingm diameter and 70 mm length before and afters6gsaof
ECAP b) Copper with L0mm diameter and 50 mm lebgtiore and after 6 passes of ECAP

Figure 4. The ECAP set-ups for experimental worthwhannel diameters of: a) 20 mm b) 10 mm

After ECAP, the samples were sectioned perpenditalthe longitudinal axes in the middle of
the billets, and then mounted. They were mechdgigabund with SiC papers (grit 800-2500)
and carefully polished with Al203 suspension toieeh a mirror-like surface finish. Micro

hardness measurements were carried out by using mardness tester BUEHLER, equipped
with a Vickers indenter. Results were recorded achepolished section across the width A-B,
shown in Figure 5, with a distance of ~0.5 mm @dlets with diameters of 20mm) and ~0.25
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mm (for billets with diameters of 10mm) between thdents. In other words, the hardness
profile for each sample was composed of 40 poretgardless of the diameter size.

Figure 5. Micro hardness tester and cross secfiti,edECAPed sample

3. Experimental results

3.1. Effects of billet geometry on microstructural homogeneity

In order to evaluate the homogeneity of the micumstire, micro hardness profiles (Vickers
Hardnessin the cross section of all the samples were ploft®@r each sample, the measurements
were repeated for three timdsgures 6 to 10 show the micro hardness profilé®re are two
methods to quantify the degree of microhardnedsilglision homogeneity. One way is to use in
homogeneity index (Ewhich is defined as follows [12] :

_hardnessygx—hardnesspyin

G- 2)

Where hardneggy, hardness,, and hardnegg express maximum, minimum and average
hardness, respectively. As is obvious from Eq. lélgs magnitude of @zads to better hardness
dispersal uniformity. According to Eqg. (2), the sed method is a mathematical coefficient
named standard deviation (S.D). In this paper, 8itB and ¢ are utlized to measure

distribution uniformity.

hardnessgye

SD= Y ,(hardness;—hardnessgye)?®

®3)

n

In Eq (2), n is the number of measured points.

Figure 6 shows the micro hardness profile acrosslitte A-B for the annealed samples. The
average measured hardness of annealed copper am®@®1BAsamples were 74 and 120,
respectively.
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Figure 6.The profile of micro hardnesses in the cross seafdhe annealed samp

In Figure 7, he profile of the micro hardness in the cross eactf the ECAPed A6012

samples as well as the&tD and C index values areesented. The results Figure 7 are for two
billets of AA6012 with the identical diameter (10 mm and different lengths &0 and 70
(mm).The hardness average of the billet v70 mm in length was 17&his amount wal173 for

the billet with 50 mm inlength. According to the average values of hardaetise difference

between them can be ignored.
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Figure 7. a) P and C index values of measured micro harcesb) the profile of micro hardness in the cr
section of the AA012 samples witlh =10mm and lengths of 70 aB@ mm

Corresponding to Figure 7idtire 8 shows the same results for copper san. The hardness
average of the billet with 76im in length we 147. This amount was 156r the billet with50
mm in length. Similar to th&A6012 sampleshe difference between the values is very s
and can be ignored.
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Figure 8. a) S.D and C index values of measuredonfiardnesses b) the profile of micro hardneskernctoss
section of the copper samples witk10mm and lengths of 70 and 50 mm

Figure 9 and Figure 10 show the similar resultsseinples with 20mm in diameter and different
length of 70 and 50mm. The hardness average oA&GO12 billet with 70 mm in length was
169. This amount was 167 for the billet with 50 rimmiength. These values are 144 (L=70mm)
and 145 (L=50mm) for copper samples.
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Figure 9. a) S.D and C index values of measuredonfiardnesses b) the profile of micro hardneskerctoss
section of the AA6012 samples wiph=20mm and lengths of 70 and 50 mm
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Figure 10. a) S.D an@ index values of measured micro hardesb) the profile of micro hardness in the cr
section of the copper samples w¢ =20mm and lengths of 70 and B0n

3.2. Tensiletest

In order to measure tensile strengths and defoomdteéhavior othe samples, tensile tests the
annealed and ECAPed samples were carried out at temperature witlthe speed of % .
The tests were performed by Hounsf-H50ks tester equipped with a computer contr. Each
Ecaped sample was prepared according to A-EMS8. Figure 11shows the tensile tes. Table

3 presents the yield strengthdtimate tensile strengths of pucepper and A6012 samples
before and after theCAP proces

Figure 11. Tensile tester used in this study
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Table 3. Mechanical properties of the samples leedod after six passes of ECAP

Annealed ECAPed ECAPed annealed ECAPed ECAPed
sample copDer copper copper AAGOL2 AA6012 AA6012
PP 6=10mm | ¢=20mm 6=10mm | ¢=20mm
ayp(MPa) 57.05 2135 216.8 39.4 137.5 144.2
oyrs(MPa) 215.99 460.7 465.5 184.3 266.6 276
4. Discussion

4.1 Hardness and tensile test Evaluations

The variations of average Vickers micro hardnesg)(bkfore and after six passes of ECAP on
the AA6012 and pure copper samples were presentdteiresults section. The HV magnitudes
of AA6012 samples with 10 mm in diameter were 12@bke ECAP, 176 after ECAP of billets
with 70mm in length and 173 after ECAP of billetsha60mm in length. It can be concluded that
length has no significant effect on the averagediess after the ECAP process. However,
applying severe plastic deformation led to sigaifit improvements at the HV values. It was
found that an enhancement of almost 45% after itkth pass has been achieved for AA6012
specimens with 10 mm in diameter.

The HV magnitudes of AA6012 samples with 20 mm i@ntketer were 120 before ECAP, 169
after ECAP of billets with 70mm in length and 16#aECAP of billets with 50mm in length. It
means that an improvement of almost 39% in avelnagdness was obtained. As a matter of fact,
there is no difference between two specimens thdtdiverse length and same diameter but there
was an important diversity in homogeneity of twielts that had diameters of 10 and 20 mm. As
can be seen, the sample with bigger diameter bexamee homogeneous (about 13%).

The HV magnitudes of the copper samples with 10 immiiameter were 74 before ECAP and
almost 148 after ECAP of the billets with 70 andrd in length. It shows that an improvement
of 100% in average hardness was obtained. The Hyhimales of the copper samples with 20
mm in diameter were 145 after ECAP. It was appatkat the ECAP process caused 96%
increase in hardness magnitude of the copper sampille 20 mm in diameter after six passes of
ECAP. The length had no noticeable effect on the udllies like the AA6012 samples. Also,
there was an important diversity in homogeneityvad billets that had diameters of 10 and 20
mm. As can be seen, the sample with bigger dianbetssmes more homogeneous (about 11%).
Tensile tests showed that the yield strength oé mapper sample increased by about 274% for
10 mm diameter and 280% for 20mm diameter. Furtbegmultimate tensile strengths were
enhanced about ~ 115% and therefore the yield gitrefio;,) had a higher increasing rate. In
addition, after six passes of ECAP on AA6012 thiees of yield strength increased about 248%
and 265% for specimens of 10 and 20mm diametess, Almost 45% and 50% enhancements in
magnitudes of ultimate tensile strength of 10 afchid diameter were observed. Thus, yield
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strength had more noticeable improvement in inongasate. As can be observed, larger billets
had more values in ultimate tensile strength ae@tlypoint.

4.2 Finite element modelling

For this study, finite element methods were abwied out using abaqus /Explicit. The dies and
punchs were assumed to be rigid without any dedtion. The simulation conditions were
considered to be the same as the experiments.llRtveasimulations, the friction cofficient of
0.05 was used. In order to decrease the time os$ithalations, symmetrical boundry condition
was applied and only half portion of the dies aachgles were considered for analysis as shown
in Figure 12. The effective strain variations asrdlse width A—B, shown in Figure 13, were
taken to compare with the corresponding hardndses@btained from experiments.

The effective strain contours in the middle crosstisn (line A-B) of the different ECAPed
samples are shown in Figures 13-16. It should hednthat one pass of ECAP was considered in
the simulations. The previous parameter of S.B &lso used to evaluate the results.

Figure 12. Die and the internal surface used foshimg

The contours shown in Figure 13 are for two AA6GRImens with the same diamaters of
10mm but different lengths of 70mm and 50mm. therage strain of both samples is ~ 0.59.
According to the S.D values, starin ditributionalsnost the same for them as can be seen in
Figure 13 .

Figure 14 shows the effective strain contours mriddle section of two pure copper speimens
with the same diamaters of 20mm but different Ieagtf 70mm and 50mm. the average strain of
both samples are ~ 0.58. According to the S.D walstarin ditribution is analogous to the
AA6012 specimmens. Hence, simulations did not showticeable difference in strain
homogeneity for samples with the same diametersdiffiegkent lengths. This result was also
achieved in evaluating hardness values.
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Figure 14. ® shapes and effective strain contours in wid-B the copper samples wl0mm diameter and
different lengths after the ECAP process

Figure 15shows the effective strain contours in the midsietion of two A/6012 speimens
with the same diamaters of@@n but different lengths (7Omm and 50mumthe average strain of
both samples are ~ 0.54. Hig 16 also shows these results for topper specimens with ti
same diamater of 20m and different lengths (7Omm and 50mmBy comparing the SD value
of effective strains between the samples with diifié diamaters c10 mm and20mm, it can be
conlcuded that the samples h larger diameter had better homogenity of stmitheir cross
sections. The homogenity of the effective strainsthe cross sections of the samples \
diamters of 20nm improved by~38% in comparison with the samples with diamter10mm.
This resllt was also achieved from 1| hardness measuerments in the experiments.
homogenity of the hardness values in the crossosecof the samples with diamters20 mm
improved by ~23% and 8% comparison with the A6012and copper samples with dizers of
10mm,respectively. Although the amount of improvemeiswlifferent inthe copper samples,
it was concluded that samples with larger diamekerge better homogenity of the produ
structure after th&CAP procesThe results of the simulationseve in good agreement wi
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experimental results. Both of them showed identivaogeneity for billets with the sar
diameters and different length. Moreover, both satons and experimental data showe
noticeable difference in homogeneity betweerets with different diamete!
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Figure. 15. B shapes and effective strain contours in wid-B the copper samples w10mm diameter and
different lengths after the ECAP process
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5. Coclusion

The effects of material properties and billet getsynevere investigated by experimental and
FEM method. Investigations were made after six g ECAP and using route: Bor pure
commercial copper and AA6012. The following coniuas were obtained:

1. Diameter plays an important role in the ECAP predeseffective strain values and
homogeneity. In addition, reducing the height hax eifect on homogeneity of
structure.

2. To validate the simulation results, experimentalugs were compared with
simulation data and there was a good agreementebatthem. Since increasing the
sample diameter resulted in more homogeneity @céffe strain as well as hardness
distribution in the cross-section of the samplesaih be concluded that the ECAP
process could be more effective on the billet wahger diameter with regard to
homogeneity of structure.

3. During the ECAP process, dislocation pile up atlibeder of the grains has increased
and consequently made smaller grain size.Therefoigher values of HV and
mechanical properties were observed. Hardness mieg®i the ECAPed samples of
AA6012 and coppeshowed that the hardness values were about 1.4@.88dimes
higher than that of the annealed samples, resgégtivoreover, tensile tests of the
specimens showed an increase of 115% in ultimetsile strength of copper and
50% in AA6012 after six passes of ECAP .

4. After six passes of ECAP, an increase of 102% mdress for the copper samples and
an increas of 45%or the AA6012 samples were observed.

5. The variation in hardness magnitude was very smwakn the diameter became
larger.

6. The hardness homogeneity of the samples with ladi@meteres were better in
comparsion with the smaller diameters. The homageriithe samples with diamater
of 20 mm after six passes of ECAP improved ab@®&9b 2for the AA6012 samples
and 8% for the copper samplesin comparision whith samller diamater samples
(D=10mm).

7. FEM simulations were carried out corresspondinthéoexperimental conditions. The
FEM results were in good agreement with the expemial data such that both of
them had the same conclusions with respect to gwengtric effect in the ECAP
process.

8. It could be said that ECAP can be used for largdet® and will be useful in
industrial works.
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