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Abstract: Equal-channel angular pressing (ECAP) is a prominent technique that imposes severe plastic deformation into materials to en-
hance their mechanical properties. In this research, experimental and numerical approaches were utilized to investigate the mechanical prop-
erties, strain behavior, and damage prediction of ECAPed 7025 aluminum aloy in various conditions, such as die channel angle, outer corner
angle, and friction coefficient. Experimental resultsindicate that, after the first pass, the yield strength, ultimate tensile strength, and hardness
magnitude are improved by approximately 95%, 28%, and 48.5%, respectively, compared with the annealed state, mainly due to grain re-
finement during the deformation. Finite element analysis shows that the influence of die channe angle is more important than that of outer
corner angle or friction coefficient on both the strain behavior and the damage prediction. Also, surface cracks are the main cause of damage
during the ECAP process for every die channel angle except for 90°; however, the cracks initiated from the neighborhood of the central re-
gions are the possible cause of damage in the ECAPed sample with the die channel angle of 90°.
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In 1981, the ECAP process was devel oped by Segal et al.

1. Introduction

During the last two decades, grain refinement via severe
plastic deformation (SPD) methods has been vastly devel-
oped by materials science researchers to enhance the me-
chanical, superpladticity, wear, corrosion, and other proper-
ties of metals and alloys for various industrial and medical
applications [1-4]. Among the different SPD techniques,
such as accumulative roll bonding (ARB) [5], high-pressure
torsion (HPT) [6], multi-axia forging/compression (MAF/C)
[7], and dlliptical cross-section spiral equal-channd extru-
sion (ECSEE) [8], equa-channel angular pressing (ECAP)
[9] has attracted the most attention for fabricating the ul-
trafine-grained (UFG) and even nanostructured (NS) mate-
rials because of its potential of scale-up, more possibilities
for industriaization, and low cost and feasibility of set-up
[2,9-11].
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for the first time. This technique imposes large shear plagtic
strain into the specimen by pushing it through a die that
consists of two channels with the same cross-section, meet-
ing a an angle to each other, namely the die channel angle
(@) [2]. The shear plastic strain (y) and effective plastic
strain (ee) in the frictionless condition are represented in
Egs. (1) and (2) [2,12], respectively.

y=200t[¢;¥/]+¥’csc[¢;ij Q
N D+Y¥Y D+¥Y
£ =ﬁ-{200t(7j+'{’csc[ > ﬂ 2

where N is the number of passes, @ the die channel angle,
and ¥ the outer corner angle.

Since the cross-section of the two channels is the same,
the ECAPed sample after the first pass can be reinserted into
the entrance channel and pushed again through the die. As
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known, the repeated pressing through the die accumulates
the sufficient plastic strain to achieve the desired properties
[13]. The finite element method (FEM) has been widely
used to examine the material deformation behavior of the
ECAP process [14-18]. By considering the previous studies
carried out on the ECAP process viathe FEM approach, one
can see that most studies have been carried out in a
two-dimensiona (2D) plane strain condition [19-23]. As an
example, 2D FEM investigation of Nagasekhar et al.
showed that the ECAP process proceeded in three steps for
the acute die channel angles, in comparison with only two
steps for the case of @ =90°. Also, formation of a corner gap,
which was often the major disadvantage in the case of the
90° die channel angle, was not encountered for the acute die
channel angles. In addition, back-pressure punch is required
for the acute die channdl angles [24]. Recently, Mahallawy
etal. [25], Lu et al. [26], and Ghazani and Eghbali [27] have
carried out some three-dimensional (3D) analyses to inves-
tigate the effects of various ECAP parameters on the strain
behavior, damage prediction, and required punch load after
the ECAP process along the longitudinal and transversal di-
rections. Simply, it can be said that the effective strain mag-
nitude, strain distribution uniformity, required pressing force,
and damage anticipation are affected by the ECAP parame-
ters, such as die channel angle, outer corner angle, friction
coefficient, processing routes, back pressure, hillet size,
strain rate sengitivity, processing temperature, pass number,
materia response, and kind of solution treatment [14—28].
The research by Figueiredo et al. [29] showed that the high
levels of damage may accumulate in the materia, exhibiting
the strain-hardening behavior, which may lead to hillet
segmentation, whereas in the near-perfect plastic condition,
the cracking occurs only on the upper surfaces of the billets
and these cracks are reasonably stable. From the previous
studies, it can be concluded that the level of the imposed
plastic gtrain is improved by applying an acute die channel
angle or adding afriction coefficient value. Also, alower die
channel angle or higher friction coefficient leads to fill the
outer corner of the die completely [23,30]. The investigation
by Oruganti et al. [31] represented that a better strain be-
havior of an ECAPed sample was obtained by applying high
back pressure with low friction for the ECAP process. Also,
route Bc, in which the sample is rotated with the angle of
90° aong the longitudinal axis between each pass of process,
gives a better strain dispersal homogeneity, compared with
the other routes for the die channel angle of 90° [25].
Although severa investigations have been carried out on
the effects of ECAP process parameters, there is a lack of
information about their influences on the strain distribution

uniformity and damage prognogtication after the ECAP
process. In this research, the numerical investigations using
DEFORM-3D software were carried out on the Al7025 bil-
let to explore the effects of die channel angle, outer corner
angle, and friction coefficient on the effective strain magni-
tude, strain distribution uniformity, and damage anticipation
after the first pass of the ECAP process at room temperature.
Also, the mechanical properties of Al7025 before and after
the process were obtained and compared.

2. Experimental

An equal-channel angular pressing die with the channel
angle of 90°, outer corner angle of 17°, and channdl diame-
ter of 20 mm was designed and manufactured. The die and
punch were made of hot work tool steel (AISI H13) to pre-
vent any deformation during the process. A 7025 aluminum
dloy was prepared as a test material with the length and
diameter of 140 mm and 20 mm, respectively. The chemical
composition of Al7025 is listed in Table 1. Before the
ECAP process, al Al7025 hillets were annesled at 475°C
for 3 h, and then dowly cooled in the furnace. ECAP opera-
tion was carried out using a hydraulic press with a punch
speed of 1 mnv/s. Also, the molybdenum disulfide was used
as a lubricant to reduce frictional effects during operation.
The ECAP die and the deformed material after one pass are
showninFig. 1.

Tablel. Chemical composition of 7025 aluminum alloy wt%

Al Zn Mg Mn Fe S Cr Cu Ti
9260 413 132 060 037 031 028 017 011

Fig. 1. ECAP die st-up and Al7025 sample after the first
pass.

Tensile and micro-hardness measurements were carried
out to investigate the magnitude of strength and hardness for
both asrecelved and ECAPed conditions. The average
reading of five Vickers micro-hardness (Hv) measurements
from the central region of the sample's cross-section was
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reported. The hardness tests were performed according to
ASTM E10-04 with aforce of 0.588 N for a dwell time of
20 s. In addition, the microstructure evaluation using optical
microscopy (OM) was employed to confirm the grain-size
refining after the ECAP process.

3. Finite lement modeling

Commercia three-dimensiond DEFORM-3D-V10.0
software was used for the finite element modeling. The die
and punch were assumed to be discretely rigid, meaning that
there was no deformation during the process because of their
strength and rigidity (hot work tool stedl, H13) compared with
the sample materia (Al7025-O). The process was carried out
in the ambient temperature. Also, the heat generation was ig-
nored during the operation. In addition, the magnitude of ram
speed was equd to 1 mnvs, which is the same as in the ex-
perimental work. The vaue of shear friction coefficient (m)
was considered to be 0.12 [32], obtained from a ring com-
pression test (outer diameter : inner diameter : height = 6:3:2)
and calibrated with the curves recommended by Male and
Cockeroft [33]. To import materia properties to the FEM
software, a true stress-strain tensile curve was obtained ac-
cording to ASTM B557M (2010), and the curve fitting was
aso carried out using the Hollomon relationship, as shown
in Fig. 2. Furthermore, the dimension of the smulated
Al7025 sample was similar to the experimental one, i.e., 140
mm in length and 20 mm in diameter. The mesh sensitivity
diagram for the billet was attained, and then the optimum
element size was found to be 0.7 mm; as shown in Fig. 3.
Adaptive meshing and automatic re-meshing were gpplied and
judtified for dl smulations to prevent the failure of mesh dur-
ing large deformation and to reduce computation time.

Fig. 2. True stress—strain curve of the annealed AlI7025 billet
before ECAP operation.

The effective strain magnitude and its uniformity were
investigated for the whole of the ECAPed sample and also at
five separate equally spaced planes parale to the hillet
cross-section with 20 mm distance between them, as repre-
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sented in Fig. 4(a). These planes were nominated as planes
1, 2, 3,4, and 5, in which planes 1 and 5 were placed at a
distance of 30 mm from the head and the tail part, respec-
tively.

Fig. 3. Billet volume meshing system before ECAP process.

Furthermore for these planes, 21 dements at each plane
were selected to study the effective strain magnitude and its
homogeneity behavior, as shown in Fig. 4(b). All these
chosen points were away from the circumferential locations
to remove the frictional effects between the die and the billet
on strain behavior. As represented in Fig. 4(b), one point is
located at the center of plane, and eight and twelve points
are a the periphery of the small and large assumed circles,
with an angular distance of 45° and 30°, respectively. There
are two factors representing the uniformity of effective
strain distribution, the inhomogeneity factor (IF) in Eq. (3)
and the inhomogeneity index (C) in Eq. (4) [34-35]. Low
magnitudes of IF or C; indicate the better uniformity of effec-
tive srain distribution is achieved [35].

IF= {i(ei —gwe)z}/(n—l) ©)

i=1
C- — Tmax min (4)

Where &, emax, émin €aver @Nd N are the strain value of the ith
element, the maximum effective strain value, the minimum
effective strain value, the mean effective strain value, and the
number of eements, respectively. The IF is a better tool for
representing the strain dispersal homogeneity, because it in-
cludes the effective strain magnitude for al the elements of
sample. Hence, |F was utilized in this research.
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Fig. 4. Locationsof 5 cross-sectional planes(a) and 21 elementsto measure strain behavior (b).

In this research, a 7025 duminum dloy billet was numeri-
caly ECAPed up to one pass with various parameters, in-
cluding the die channd angles of 70°, 90°, and 110°; the outer
corner angles of 0°, 17°, and 50°; and the friction coefficients
of 0.001, 0.01, 0.12, 0.2, and 0.3. The effects of the above pa-
rameters on strain behavior, including the magnitude of effec-
tive grain (ES) and the uniformity of effective strain distribu-
tion (IF), were investigated. In addition, the damage magni-
tude and its digtribution after the ECAP process for various
parameters were obtained and discussed.

4. Resultsand discussion

4.1. Strain behavior

Table 2 lists the ES and IF vaues for the entire ECAPed
sample under the various conditionsin the ECAP process (@,
¥, and m). Also, the effective strain contours of the ECAPed
Al7025 sample after the one-pass process are shown in Fig. 5.

Table2. Effective gtrain (ES) value and inhomogeneity factor
(IF) under thevarious conditionsin ECAP process

ECAP Parameters Outputs
sampleNo. @ /() ¥/ (°) m ES IF
1 0 17 0.12 0909 0477
2 70 17 0.12 1530  0.869
3 110 17 0.12 0628 0294
4 0 0 0.12 0987 0433
5 0 50 0.12 08% 0392
6 ) 17 0001 0852 0383
7 0 17 0.01 0861 0399
8 0 17 0.2 1050 0543
9 0 17 0.3 1310 0742

Although the high die channel anglesled to lower effective
strain magnitudes, a better strain distribution uniformity was

atained at the deformed samples. About 31% and 38% reduc-
tions were obtained for the effective strain vaue and inho-
mogeneity factor, respectively, using @ = 110° instead of 90°,
while al other boundary conditions used in the smulation
were kept similar. On the other hand, lower effective strain
magnitude with better strain dispersa homogeneity was ob-
tained by applying a higher outer corner angle. As an example,
for asimilar smulation condition except using ¥ = 50° instead
of ¥ = 17°, there were gpproximately 1.4% and 18% reduc-
tions a the ES and IF vaues, repectively. It was found that
the effect of die channel angle on strain behavior was greater
than that of the outer corner angle. The numerical examination
of the friction coefficient effect indicated that alower effective
strain value with better strain-dispersal homogeneity could be
obtained using a well-lubricated ECAP operation. For exam-
ple, the magnitudes of ES and IF increased to 1.310 and 0.742
from 0.852 and 0.383 by utilizing m = 0.3 insteed of m =
0.001, respectively. Fig. 6 compares the influences of ECAP
parameters on the effective strain magnitude and inhomogene-
ity factor. It can be seen that the influence of die channel angle
is considerably greater than that of both outer corner angle and
friction coefficient on the effective strain magnitude.

In addition, Table 3 ligts the magnitudes of ES after one
pass of ECAP process of the Al7025 hillet. As can be seen,
these findings are in good agreement with the above results.
The best and the worgt gtrain behavior belong to the ECAP
processes with the conditions of No. 2 (@ =70°, ¥ =17°, and
m=0.12) and No. 3 (@ = 110°, ¥ = 17°, m= 0.12), repec-
tively. Thisresult indicated that the effect of die channel angle
was the most prominent factor on the strain behavior of the
ECAPed hillet compared with the outer corner angle and fric-
tion coefficient. A comparison of the effective strain contour
a the cross-section of the ECAPed Al7025 hillet in plane 3
for No. 2 (@ =70°, ¥ =17°, m=0.12) and No. 3 (& = 110°,
¥=17°, m=0.12) isshownin Fig. 7.
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Fig. 5. Effectivestrain contour of the ECAPed Al7025 billet for various parameters

Fig. 6. Effective strain and inhomogeneity factor magnitudes
for various parametersof ECAP operation.

4.2. Damage prediction

The development and tendency of surface cracks are one
of the maor problems for the application of subsequent
passes in ECAP and other SPD methods. In this research,
the Cockcroft—Latham damage model was numericaly ap-
plied to examine the fracture of Al7025 billet after the
ECAP process with various parameters. As known, the
fracture is related to the development of tensile maximum
principle stresses during the deformation process. The
Cockceroft—-Latham damage criterion is expressed as the fol-
lowing equation [27].

Table3. Effective strain magnitudefor each of thefive planes shown in Fig. 4 for various ECAP parameters

No. @, ¥ m Effective srain
Panel Plane?2 Pane3 Pane 4 Plane5
1 90°, 17°,0.12 0.846 1173 1173 1151 1035
2 70°,17°,0.12 1.286 1.661 1.838 1.862 141
3 110°,17°,0.12 0.695 0.793 0.743 0.734 0.726
4 90°, 0°,0.12 1.001 1.063 1.029 1.016 1.109
5 90°, 50°,0.12 0.956 0.972 0.984 0.971 1021
6 90°, 17°, 0.001 0.903 0.936 0.958 0.973 0.932
7 90°, 17°,0.01 0.912 0974 1.007 1.09 0.981
8 90°,17°,0.2 1.003 1.085 1.098 1122 1.088
9 90°,17°,0.3 1.246 1433 1525 1528 1.298
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Fig. 7. Effective strain contour at the cross-sectional plane 3
of the ECAPed sample after one-pass process. (a) @ = 70°, ¥ =
17°, and m=0.12; (b) @ = 110°, ¥ = 17°, and m = 0.12.

Cu=|" 5(%"} dz )
where Cy is a constant indicating the critical condition for
initigtion of fracture, o, the maximum principle stress, £
and o the effective strain and the effective stress, respec-
tively, and the integral is calculated from zero strain to the
fracture strain (g). Considering the above equation, it can be
said that the fracture occurs when the damage factor reaches

the critical value, which has been assumed to be equal to 0.5.

The damage contour of the al simulated ECAPed samples
after thefirst passis represented in Fig. 8 at the extruded and
transversal planes (plane 3). In addition, the average magni-
tudes of damage are shownin Fig. 9.

As can be seen in Fig. 9, the maximum damage value of
deformed Al7025 is related to the ECAP process with the
die channel angle, outer corner angle, and friction coeffi-
cient of 70° 17°, and 0.12, respectively. This finding is
clearly shown in Fig. 8. The high damage magnitudes are
concentrated in a narrow region located at the bottom sur-
face, paralel to the longitudinal axis of the sample, and dis-
tinguished by red color. On the other hand, the minimum
damage vaue belongs to the ECAPed sample with @ = 110°,
¥ =17°, and m=0.12. It is aso found that the effect of die
channel angle is considerably greater than that of either the
outer corner angle or the friction coefficient on the damage
magnitude. There is an approximately 17% reduction in the
damage value using the lower friction coefficient (0.001) in-
stead of the higher one (0.3). Furthermore, only about 3%
improvement at the damage magnitude is achieved using a
higher outer corner angle (50°) compared with the sharp
outer corner one. In addition, Fig. 10 represents the damage

Fig. 8. Damage contour of the deformed Al7025 billet for various ECAP parametersat the extruded and transversal planes.
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Fig. 9. Average damage magnitudesfor ECAPed samplewith various parameters.

value curves in three ECAP process conditions at plane 3
from top to bottom. These three circumstances are (@ = 70°,
Y=17°, m=0.12), (@ =110°, ¥=17°, m=0.12), and (@ =
90°, ¥ = 17°, m = 0.12), corresponding to the maximum
damage value, the minimum damage value, and the basic
conditions (the same as the experimenta work), respectively,
of the ECAPed Al7025 hillet. The only parameter altered is
the die channel angle. It can be seen that the area of the de-
formed sample with the highest damage vaue is intensively
related to the die channel angle. It is found that the highest
damage magnitude is attained at the bottom surface for @ <
90° and at the top surface for @ > 90°, respectively, after
one pass of the process. It is believed that the formation of
cracks at the top surface of the ECAPed sample with a die
channel angle of 70° is more likely than at the bottom sur-
face of the ECAPed sample with adie channel angle of 110°.
Also, the lowest damage value is obtained at the center of
the vertical line (top to bottom), irrespective of the die
channel angle magnitude. In the case of the ECAP process
with the die channel angle of 90°, it can be seen that the
highest damage value is attained in the region with the dis-
tance of 4 mm from the bottom surface. On the other hand,
the uniformity of damage distribution is increased by in-
creasing the die channd angle. From Fig. 10, the standard
deviations (SD) of damage magnitudes along the top-to-bo-
ttom line in the middle plane of the ECAPed sample are

0.0990, 0.0525, and 0.0370 for the die channel angles of 70°,
90°, and 110°, respectively. It is evident that the reduction of
die channel angle from 110° to 70° resultsin a 63% increase
of the SD value, indicating that a higher die channel angle
gives a more uniform damage distribution in the ECAPed
billet. It is also noted that surface cracks are the main cause
of damage during the ECAP process for @ # 90°, but the
cracks which are initiated from the neighborhood of the
central regions are the possible cause of damage in the
ECAPed sample with @ = 90°.

Fig. 10. Damage curve from top to bottom for three ECAP
process conditions.

4.3. Mechanical and microstructural properties

The mechanical and microstructural evaluations of the
auminum alloy before and after the ECAP process are rep-
resented in Fig. 11, and the results are listed in Table 4. As

Fig. 11. Truedress—gtrain curve (a) and optical microscopy images of the Al7025 billet before (b) and after (c) thefirst pass of the

ECAP process.
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Table4. Mechanical properties of the aluminum alloy before
and after the ECAP process

. . B ECAP After ECAFP
Mechanical properties efore ECA ter EC.

process process
Yied strength (YS) / MPa 143 279
Ultimate tensile strength (UTS) / MPa 258 331
Vickers micro-hardness, Hv 72 107
Elongation to failure (El) / % 17 82

can be seen, a considerable enhancement is observed after
the first pass of ECAP for the aluminum alloy in which the
magnitude of yied strength (YS), ultimate tensile strength
(UTS), and hardness are increased to 279 MPa, 331 MPa,
and Hv 107 from 143 MPa, 258 MPa, and Hv 72, respec-
tively. This enhancement in strength is related to grain re-
finement according to the Hal—Petch relationship. The
magnitude of average grain size before the ECAP processis
about 180 um (annealed condition). Also, elongated grains
with the width of approximate 7 pm are formed after the
first pass of the ECAPed process at the flow plane (Y plane).
This confirms the grain refinement of 7025 auminum alloy
during the ECAP method.

5. Conclusions

Finite element analysis was used to investigate the strain
and damage behaviors of ECAPed 7025 aluminum alloy af-
ter the first pass of equal-channel angular pressing (ECAP)
with various parameters, including die channel angle, outer
corner angle, and friction coefficient. In addition, an ECAP
die with the die channel and outer corner angles of 90° and
17°, respectively, was designed and manufactured to study
the hardness behavior, tensile strength, and grain size of the
deformed AI7025 billet compared with the annealed sam-
ples and to vaidate the FEM analysis.

(1) Die channel angle is a notably more important factor
than either outer corner angle or friction coefficient on both
the strain and damage behavior.

(2) Both large die channel and outer corner angleslead to
the fabrication of an ECAPed hillet with the low damage
value, less effective strain magnitude, and improved strain
distribution homogeneity.

(3) The crack formation possibility in the ECAPed
specimen is reduced by the utilization of lubricant. In addi-
tion, better strain distribution homogeneity and lower effec-
tive strain values are obtained in thisway.

(4) Surface cracks are the main cause of damage during
the ECAP process for die channel angle # 90°; however, the
near-center-region cracks are the possible cause of damage

in the ECAPed sample for die channd angle = 90°.

(5) About 95%, 28%, and 48.5% enhancements are at-
tained at the yield strength, ultimate tensile strength, and
Vickers hardness value, respectively, after the first pass of the
ECAP process in Al7025 dloy. Also, the microstructural ob-
servations show the grain refinement during this deformetion.
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