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In the present paper, billets of pure Al, and cast-homogenized Al-2 wt.%, 3 wt.%, and 5 wt.% Cu alloys
were successfully processed by equal channel angular pressing (ECAP) up to 10 passes without fracture at
room temperature using a die with a channel angle of 110

o

. Giant strains imposed on workpieces lead to
extreme dislocation densities, microstructural refinement, and finally ultrafine grained materials. Tensile tests
were employed to examine the fracture modes and fracture surface morphologies of the ECAP-processed
Al and Al-Cu alloy samples. In particular, the effects of the number of ECAP passes and the Cu content
were investigated.
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1. INTRODUCTION

Al-Cu cast alloys are among the most important Al alloys

widely used in the aerospace industry owing to their light

weight. However, due to their poor mechanical properties in

as-cast conditions, their mechanical properties must be

improved through various thermo-mechanical processes, e.g.,

heat treatment processing such as aging and solution treat-

ments. 

During the last decade, metallic materials with nanometer-

[1-3] or ultrafine submicrometer-sized grains after severe

plastic deformation (SPD) processing have received a con-

siderable amount of attention due to their unique mechanical

and physical properties and high performance capabilities

[4-6]. Equal channel angular pressing (ECAP) is considered

as the most popular and potential methods among various

SPD processes. The principle of ECAP and the properties of

the ECAP-processed materials have been discussed by many

researchers [7-16]. 

Recently, it was found that ECAP without any aging treat-

ment improves the mechanical properties of Al-Cu alloys.

The microstructure and hardness of Al-1.7 wt.% Cu alloy

after ECAP [17] as well as the cyclic deformation and fatigue

properties of Al-0.7 wt.% Cu alloy [18], the shear feature of

Al-33 wt.% Cu eutectic alloy processed at 400 °C [19], the

tensile properties and fracture modes of cast Al-0.63 wt.%

Cu and Al-3.9 wt.% Cu alloys [20] subjected to ECAP were

studied. Recently, Prados et al. investigated the tensile

behavior of an ECAP-processed Al-4 wt.% Cu alloy [21].

However, information related to the fracture characteristics

of the ECAP-processed Al-Cu alloys remains scarce.

In the present paper, the effects of the Cu content up to

5 wt.% in Al-Cu alloys and the effects of the number of

ECAP passes on the tensile properties, in particular, the frac-

ture characteristics of ECAP-processed samples are investi-

gated.

2. EXPERIMENTAL PROCEDURE

Al-Cu alloys with 2 wt.%, 3 wt.% and 5 wt.% Cu contents

were manufactured by a casting route and then homoge-

nization treated at 550 °C for 7 days. Commercially pure Al

ingots were also used for comparison. The samples were
*Corresponding author: hskim@postech.ac.kr
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machined to 15 mm in diameter and 80 mm in length for

ECAP. A split-type ECAP die was fabricated with a channel

angle of 110° and an outer corner angle of 15°. This die

geometry (channel angle and corner angle) generates an

average strain of 0.77 for each pass, calculated from the Iwa-

hashi equation [8]. The preform samples were well lubri-

cated with zinc stearate between each pass. ECAP of the

samples was processed via route A at room temperature up

to 8, 9, and 10 passes for Al, Al-2 wt.% Cu, and both Al-3

wt.% and 5 wt.% Cu, respectively. 

Cylindrical tensile specimens 5 mm in diameter with a

gauge length of 20 mm were machined from the ECAP-pro-

cessed samples with the axis of tensile test parallel to the

pressing direction. The tensile tests were conducted until

failure at room temperature using a TESTO METRIC 200KN

universal tensile machine operating at a constant initial strain

rate of 8.33 × 10
−3

 s
−1

. The tensile tests were repeated three

times for each condition, and the average value was taken for

the analyses. The fracture surface modes and morphology of

the tensile testing specimens were then investigated using

JEOL JSM 5410-Scanning electron microscopy (SEM) oper-

ating at 15 kV. A three-dimensional total analysis system

(Dual Beam FIB) equipped with electron backscattered dif-

fraction (EBSD, Link EDAX system) and associated soft-

ware (OIM ver. 4.5) was used to characterize the statistical

variations of the grain size and the misorientation angle. It

was also used to determine the average grain sizes and mis-

orientation angles. The step size for EBSD mapping was 60

nm. The samples for the EBSD study were examined on the

cross-sectional plane parallel to the extrusion (longitudinal)

direction.

3. RESULTS AND DISCUSSION

3.1. Tensile properties of the ECAP-processed Al and Al-

Cu alloys

The effect of the number of ECAP passes on the tensile

properties (ultimate tensile stress: UTS, 0.2 % offset proof

stress and elongation) of pure Al and Al-Cu alloys is shown

in Fig. 1. It was observed that the UTS in Fig. 1(a) and proof

stress in Fig. 1(b) increased, while the elongation in Fig. 1(c)

decreased with the number of ECAP passes. The increase in

strength in these materials is attributed to the grain refine-

ment, as observed in previous work [22]. The application of

ECAP to Al allows up to 10 passes before fracture, where a

high strength value of 189 MPa was obtained. However, the

elongation of Al was reduced from the initial 56 % to 21 %

after 10 passes of ECAP. It was reported that route A ECAP

resulted in higher elongation than route C in the case of pure

Al [23]. 

The UTS after 2 passes increased by 257 %, 261 %, and

236 % in the Al-2 %, 3 %, and 5 % Cu alloys, respectively.

The UTS values continued to increase with the number of

ECAP passes, reaching 363 MPa, 446 MPa, and 493 MPa in

Al-2 % Cu after 9 passes, Al-3 % Cu after 8 passes and Al-5 %

Cu after 8 passes, respectively. A similar trend was observed

in previous work [20,21] involving an Al-Cu alloy with Cu

contents of 3.9 % and 4 %, where the UTS values were as

low as 290 MPa and 315 MPa, respectively. A similar trend

in the 0.2 % offset proof stress was also observed, as shown

in Fig. 1(b). The accumulated strain in the material increases

with the number of ECAP passes, leading to a greater reduc-

tion in the grain size, fragmentation of θ phase particles

[22,24], and continuous hardening up to the ECAP pass

limits. Explanation of the increased strength and decreased

elongation can be obtained through variation of the average

grain size and the average misorientation angle, as shown in

Figs. 2(a) and (b), respectively. The average grain size in

Fig. 2(a) was observed to be 1.7 µm, 0.43 µm and 0.23 µm

after 2, 4 and 10 passes, respectively. This decrease in the

grain size results in an increase in the strength, UTS and 0.2 %

offset proof stress, following the Hall-Petch relationship.

The variation in elongation with the number of ECAP

passes in the case of Al and Al-Cu alloys is shown in Fig.

Fig. 1. Dependence of (a) ultimate tensile strength, (b) 0.2% proof stress, and (c) elongation on the ECAP number of passes and copper content
for Al-Cu alloys.
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1(c). The elongation decreases with the increase in the num-

ber of passes in both pure Al and Al-2 % Cu alloy. However,

for a higher Cu content in Al-3 % and 5 % Cu alloys, the

elongation decreased after the first pass and then increased

gradually with the number of passes, as observed for different

Al alloys [25]. The increase in the elongation after the first

passes with a higher Cu content in the Al-3 % Cu and 5 %

Cu alloys can be explained by the decrease in the size of the

second phase θ, which reaches the nano scale with an

increase in the imposed strain, as indicated by El Mahallawy

et al. [22]. The fragmentation of the micro-sized particles

and the formation of the nanometer-sized second phase θ

particles lead to low deformation resistance and high angle

grain boundaries in the deformation zones surrounding the

particles [9], i.e., grain boundary evolution from a low to a

high angle due to severe deformation [21]. 

Figure 2(b) shows the variation of the average grain

boundary misorientation angle with the increase of the num-

ber of passes for different Cu content alloys. It can be

observed that the value of the average grain boundary mis-

orientation angle increased with an increase of the number of

passes and the Cu content for different Al-Cu alloys. It should

be noted that high angle grain boundaries are beneficial to

enhance elongation. The change in the elongation with the

number of ECAP passes is clear in the Al-Cu alloys, as

shown in Fig. 1(c). The Cu content also has a clear effect on

the elongation, as in the case of the Al-Cu alloys. The elon-

gation was observed to decrease with an increase in the num-

ber of passes for the Al-2 % Cu alloy. It is interesting that for

the Al-3 % and 5 % Cu alloys, the elongation was observed

to increase after the second pass. 

3.2. Fracture mode and fracture surface morphology

Figure 3 shows FE-SEM micrographs of the fractured

shapes of the pure Al specimens before and after ECAP up

to 10 passes. It can be observed from necking that the mode

of fracture in the initial undeformed Al is ductile, as shown

in Fig. 3(a). On the other hand, after ECAP of 2 passes and

up to 10 passes, the fracture was observed to be a combina-

tion of the shear and necking fracture modes. The degree of

necking was reduced with the number of ECAP passes due

Fig. 2. Variation of (a) the average grain size and the grain boundary misorientation angle of Al and Al-Cu alloys with increasing the ECAP num-
ber of passes.

Fig. 3. FE-SEM photomicrograph for fracture modes of Al (a) As-cast,
(b) 2 passes, (c) 4 passes, (d) 6 passes, (e) 8 passes, and (f) 10 passes.
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to the decreasing work-hardening capacity by the work hard-

ening that accumulated during ECAP. The transformation of

the fracture mode between routes 1 and 2 can be also

explained in terms of the reduction of the grain size. The

reduced necking with ECAP coincides with the reduction in

the tensile elongation (see Fig. 1(c)). 

Figure 4 illustrates the SEM fracture surface morphologies

of a pure Al specimen before and after ECAP with different

numbers of passes. A large diameter of 176 µm to 180 µm

and deep dimples were observed before ECAP, as shown in

Fig. 4(a). After ECAP, the dimple sizes decreased and

showed a homogeneous distribution across the fracture sur-

faces. It was also observed that the dimples in the fracture

surfaces were shallower than those before ECAP. The aver-

age sizes of the dimples in the fracture surfaces decreased to

7.4-5.9 µm, 6.8-2.5 µm, and 3.4-2.4 µm after 2, 4 and 6

passes, respectively, and then became saturated at 3 µm after

8 and 10 passes. The difference in the dimple size is due to

the difference in the grain size, which can also be confirmed

from the present result, in which the average grain size

obtained after 4 passes is very close to the average dimple

size of 4.6 µm. A fracture surface full of dimples of different

sizes and depths was observed previously in rolling and

ECAP-processed commercially pure Al samples tested under

different strain rates [26]. The reduction in the diameter and

depth of the dimples after increasing the number of ECAP

passes is due to a reduction in the work hardenability, which

reduces dimple growth after nucleation. 

The increase in the density with the number of ECAP

passes shown in Fig. 5 contributes to decreasing the dimple

size. The dimple size is determined by the initiation size and

the number of voids nucleated in the grain boundaries.

Hence, the decrease of the void content by complete close-

ness or a decrease in the void size leads to a decrease of the

dimple size. The same behavior of a reduction in the dimple

size in the fracture surface was reported in commercially

pure Al 1060 processed by ECAP of route Bc up to 2 passes

[27].

Figure 6 shows FE-SEM photomicrographs of the Al-2 %

specimens before and after ECAP. The brittle fracture modes

of the three alloys were observed in the tensile samples

before the ECAP process. The fracture in the as-cast sample

occurred normal to the tensile axis. After ECAP of the Al-2 %

Cu alloy, the fracture mode was the shear mode with a

fracture angle of 45° with respect to the tensile axis, as

shown in Fig. 6(b). Subsequently, as the number of ECAP

passes increased, the fracture continued to show the shear

fracture mode with changes in the fracture angles to 41°, 54°,

and 42° after 4, 6, and 9 passes, respectively (see Figs. 6(c)

to (e)). Hence, the results show that the fracture mode trans-

forms to the shear mode after ECAP. The fracture angles

with different numbers of passes were equal or very close to

the angle of the maximum shear plane, i.e., 45°. Similar

behavior of Al-2 % Cu was observed in the Al-3 % Cu alloy,

although this is not shown here. The fracture morphology of

the specimen was transformed to the shear morphology with

an angle of 53° with respect to the tensile axis. As the num-

Fig. 4. FE-SEM photomicrograph for fracture surface morphology of
Al (a) As-cast, (b) 2 passes, (c) 4 passes, (d) 6 passes, (e) 8 passes,
and (f) 10 passes.

Fig. 5. Density with the increase of the ECAP number of passes for Al an
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ber of ECAP passes increased, the fracture remained in the

shear fracture mode. The fracture angle changed to 20°, 48°,

50° and 50° after 2, 4, 6, and 8 ECAP passes, respectively.

After 4 passes, the fracture angle became very close to the

value of the angle at 45
o

 of the maximum shear plane. In par-

ticular, after 4 passes, the fracture angle was closer to the

angle of 45° than that observed in previous work with Al-3.9

% Cu alloy [20]. The same trend continued in the Al-5 % Cu

alloy. Table 1 indicates the values of the fracture angles in

the different alloys processed with different numbers of

ECAP passes. The same fracture mode behavior was also

observed in previous work with the Al-Mg alloy [28]. The

fracture behavior of the Al-Cu alloys can be explained by the

distribution of the hard phase θ along the grain boundaries in

the cast alloys before the ECAP process, where the hard

phase hindered grain deformation during the tensile tests and

therefore made the fracture normal to the load direction.

However, the hard phase θ was fragmented and uniformly

distributed in the Al matrix during ECAP, as observed in pre-

vious work [20,22,24].
 

Figures 7 and 8 show FE-SEM photomicrographs of the

fracture surface morphologies of the Al-2 % Cu alloy speci-

mens before and after ECAP. These figures show that the

fracture surface was a brittle mode without dimples in the as-

cast samples, which contained dendrite structures. The dendritic

structures have average sizes of 65 µm, 60 µm, and 35 µm in

the Al-2 %, 3 % Cu, and 5 % Cu alloys, respectively. The

same fracture surface features of Al-Cu alloys were observed

in previous works with Al-Cu alloy and Al-Zn alloys as the

dendrite structures continued to be observed in the fracture

surface [21,29]. In the case of ECAP-processed samples, the

fracture surfaces were shear fracture surfaces and dendrite

Fig. 6. Fracture morphology of Al-2%Cu alloy. (a) As-cast and ECAP processed up to (b) 2 passes, (c) 4 passes, (d) 6 passes, and (e) 9 passes.

Table 1. The fracture angle of Al-Cu alloys

Alloy Number of Passes Fracture angle

Al-2%Cu

2 45

4 41

6 54

9 42

Al-3%Cu

1 53

2 20

4 48

6 50

8 50

Al-5%Cu

1 53

2 31

4 43

6 45

8 47
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structures had completely disappeared from the fracture sur-

face. This was due to SPD during the ECAP process, which

leads to grain refinement and a decrease in the work-harden-

ing. As the dendrites were refined and elongated along the

shear direction and with further deformation, the grains

became fragmented and transformed to an equiaxed struc-

ture. The same fracture surface morphology was observed

after 4, 6 and 9 passes with the Al-2 % Cu alloy, as shown in

Figs. 7(c), (d), and (e), respectively. It should be noted that as

the number of ECAP passes increased, shear decohesion and

surface cracks appeared on the fracture surface, as the mate-

rial loses its ductility with grain refinement. The behavior of

the fracture surface morphology is consistent with the tensile

elongation trend of the Al-2 % Cu alloy, as shown in Fig.

1(c). It can be observed that the elongation decreased with an

increase in the ECAP number of passes; this is related to the

decrease in the grain size and thus the increase in the

strength.

Figure 8 shows the fracture surface morphology of the Al-

3 % Cu alloy specimen after ECAP. The fracture surface was

observed to be free from the dendrite structure, which com-

pletely disappeared from the fracture surface, as shown in

Fig. 8(b). This arose due to SPD, which occurred during the

ECAP process, leading to grain refinement and strong work-

hardening. After 2 passes, the dimples appeared across the

fracture surface with an average size of 1.7 µm to 2.1 µm. as

shown in Fig. 8(c). As the number of ECAP passes exceeded

4 passes, the number and the homogeneity of the dimples

across the fracture surface increased, as shown in Fig. 8(d).

The size of the dimples decreased to an average size of 1.4

µm to 1.8 µm in the 4-pass sample. The same fracture sur-

face features also appear with the number of ECAP passes in

the 6- and 8-pass samples shown in Figs. 8(e) and (f), respec-

tively. The average size of the dimples decreases as the num-

ber of ECAP passes increases, i.e., decreasing to 1.3 µm to

1.4 µm and then to 1.2 µm to 1.4 µm in the 6-pass and 8-pass

samples. The same fracture surface characteristics are generally

found, in that the dimple size is reduced with the number of

ECAP passes during ECAP with the Al-Mg alloy [29], Al-

40 % Zn alloy [29] and Ti [30]. This was also observed in

the cryorolling process of the Al-Mg-Si alloy [27] with an

increase in the thickness reduction ratio. The fracture surfaces

in the Al-5 % Cu alloy are similar to those in Al-3 % Cu,

although this is not shown here. The difference between the

Al-3 % Cu and Al-5 % Cu is in the size of the dimples

formed in the fracture surface. The dimple size in the Al-5 %

Fig. 8. Fracture surface morphology of Al-3%Cu alloy (a) As-cast and
ECAP processed for (b) 1 pass (c) 2 passes, (d) 4 passes, (e) 6 passes,
and (f) 8 passes.

Fig. 7. Fracture surface morphology of Al-2%Cu alloy (a) As-cast and
ECAP processed for (b) 2 passes, (c) 4 passes, (d) 6 passes, and (e) 9
passes.
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Cu alloy was smaller than that in the Al-3 % Cu alloy. The

average dimple size in Al-5 % Cu was 0.9-1.2, 0.7-1, 0.8-0.9

after 2, 4, 6 and 8 passes, respectively. 

This can be explained in terms of the difference in both of

the average grain size shown in Fig. 1(a) and the size of the θ

phase in both cases [22]. The size of the θ phase in deformed

Al-5 % Cu was smaller than that in Al-3 % Cu: The size of

the θ phase was approximately 390 nm and 200 nm after 4

and 8 passes, respectively, in Al-5 % Cu. On the other hand,

it was 700 nm and 250 nm after 4 and 8 passes, respectively,

in Al-3 % Cu, as indicated in previous work [22]. Hence, for

both the Al and different Al-Cu samples, it can be concluded

that the reduction in the dimple size is related to the decrease

in the average grain size and the decrease or closeness of the

void in the material during the ECAP process. It should be

noted that the dimple size depends on the initiation site and

the number of voids that nucleate in the grain boundaries.

The closeness and decrease of the void during the ECAP

process can be investigated through variation of the density

and the void content as the number of passes increases, as

shown in Fig. 5, given that it was observed that the density

increased for different materials continuously with the

increase in the number of passes. The increase in the density

can be explained by the decrease in the size or the closeness

of the voids. That is, due to the decrease in the void size, the

dimple size decreased in the different materials. 

Figure 9 shows the sequence of the microstructure evolu-

tion in Al-2 % Cu after 2, 4 and 9 passes. The microstructure

consists of a combination of elongated and equaxied micro-

structures after 2 passes. Hence, with the increase in the

number of passes to 4 passes, the fraction of the equaxied

grains increases across the structure. Finally, after 9 passes,

the microstructure completely changes to an approximately

equiaxed structure with an average grain size of 55 nm. The

same microstructural evolution steps were observed in the

Al-3 % and 5 % Cu alloys. These microstructures indicate

that after only 2 ECAP passes, the microstructure and there-

fore the texture of the processed material cause an improve-

ment in the UTS, as shown in Fig. 1(a). The tracing of the

elimination of the dendrite structure was also observed dur-

ing the ECAP processing of Al-40 % Zn and Zn-40 % Al

[31,32]. It was also observed that route A is more effective

for faster mitigation of the dendrite structure to an equiaxed

structure compared to that in the case of route Bc with Al-40

%Zn [31]. 

4. CONCLUSIONS

In this research, it was possible to use ECAP with Al

and Al-Cu (up to 5 wt.% Cu) alloys at room temperature

up to 10 passes, corresponding to a total strain of 7.7 with

a die channel angle of 110. Tensile tests showed that the

ultimate tensile and 0.2 % proof strengths increase with

the number of ECAP passes and with the Cu content,

while the elongation decreases as the number of ECAP

passes increases for both pure Al and Al-2 % Cu alloy.

For Al-3 % and 5 % Cu alloys, the elongation decreases

after the first ECAP pass and then increases with addi-

tional passes due to the breakdown of the hard phase to the

nanoscale. The fracture mode and fracture surface mor-

phology were affected by both the ECAP conditions and

the Cu content. In pure Al, the fracture mode was trans-

formed from ductile to a combination of the ductile and

shear modes as the number of ECAP passes increased. The

fracture angles in the Al-Cu alloys were close to or equal to

the angle of the maximum shear plane for different Al-Cu

alloys, especially after the second pass. The dimple size

across the fracture surface decreased remarkably as the

number of ECAP passes increased. The same changing

behavior in the fracture mode and the fracture surface mor-

phology was observed as both the number of ECAP passes

and the Cu content in Al-Cu alloys increased. The decrease

of the dimple size was related to the decrease of the grain

size and the closeness and reduction of the voids through

the ECAP process, leading to an increase in the density. 
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