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Abstract

Casting Al-2.77 wt.% Mg alloy was subjected to equal channel angular pressing (ECAP) and subsequent low-temperature annealing treatment.
Tensile properties and fracture modes of as-ECAPed and annealed samples were investigated. It is found that the strength of the Al-Mg alloy
increases with increasing the number of ECAP passes, while its elongation decreases. After annealing, the elongation is recovered to a large extent,
consequently, the static toughness of the alloy is enhanced by a combination of ECAP and annealing treatment. Vickers hardness HV of the AlI-Mg
alloy monotonously increases with increasing the number of ECAP passes and follows a relationship of HV/o}, & 2.5, independent of the number
of ECAP passes. Meanwhile, it is noted that the casting alloy only exhibits necking before failure, while the alloy subjected to ECAP fails in shear
mode, with an increasing shear fracture angle at high number of ECAP passes. Besides, the low temperature annealing treatment hardly affects the
tensile fracture mode of the ECAPed alloy. Based on the experimental results above, the tensile failure mechanisms of the ECAPed Al-Mg alloy

are discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Atpresent, equal channel angular pressing (ECAP) technique
has been paid much attention as a method of severe plastic
deformation, and has been widely applied to various metals and
alloys [1-8]. The ECAP process can apply a large shear strain
to materials through a specially designed die having two equally
sized channels connected at a finite angle, so a remarkable grain
refinement occurs by repeated shear deformation [9-12]. The
technology has been proven to be very useful for improving the
mechanical properties of materials, including enhanced super-
plasticity, high strength and so on [2,13,14].

For Al alloys, high strength can be obtained by ECAP in the
solid solution state with post-ECAP aging treatment, which is
a popular technology. For example, in the case of the 2024 Al
alloy [15] treated by above-mentioned process, yield strength
as high as 630 MPa has been achieved. In addition, the highest
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yield strength (650 MPa) was obtained for 7075 Al alloy [16]
using this technology. Another process is that ECAP, when per-
formed on heated specimens, can result in enhanced strength
and moderate ductility. For instance, 5052 Al alloy may have
a yield strength of 394 MPa and reasonable tensile elongation
when pressed at 423K [17]. Besides, there are many other
studies mainly concentrated on the property improvement and
microstructure evolution of the Al alloys after ECAP. However,
so far there is few report on the deformation and fracture mecha-
nism of ECAPed Al alloy in detail, which may establish possible
connection between the mechanical properties and failure modes
of the investigated materials.

In the present research, one group of casting AlI-Mg alloy
was directly subjected to ECAP. Meanwhile, another group
of Al-Mg alloy was subjected to ECAP and subsequent low
temperature annealing. The main reason for low temperature
annealing is to effectively recover the microstructure without
losing the strain hardening ability caused by ECAP completely.
On one hand, it is expected that good comprehensive mechani-
cal properties can be achieved by a combination of multiple-pass
pressing and low temperature annealing. On the other hand, the
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tensile deformation and fracture mechanisms of the ECAPed
Al-Mg alloy are carefully investigated for better understanding
of the effect of ECAP and annealing treatment.

2. Experimental procedure

Casting Al-2.77 wt.% Mg ingots were used for the current
experiments. Firstly, the ingots were made into some rods of
10 mm in diameter and 80 mm in length by spark cutting tech-
nique. Secondly, equal channel angular pressing (ECAP) was
conducted at room temperature using a solid die having an angle
of 90° between the two channels. The samples subjected to repet-
itive pressing were rotated by 90° in the same direction between
each pass in the procedure designated as route B¢ [18]. Before
pressing, the rods were coated with MoS, as lubricant. The num-
ber of ECAP passes is one, two and four, respectively. Some
of the as-ECAP-processed samples were annealed at 523 K for
90 min. Subsequently, a small piece was cut from each sample
for hardness test. The Vickers hardness was measured with a
MVK-H3 Vickers hardness tester using a load of 50 g holding
for 10s.

Tensile specimens with gauge length and cross-section of
14mm and 3mm x 5mm were machined from the ECAPed
samples with their tensile axes lying parallel to the pressing
direction. The vertical plane parallel to extrusion direction is
defined as Y-plane. Tensile specimens were mechanically pol-
ished followed by electropolishing in a solution of HC1O4 and
C,HsOH. These specimens were subjected to tensile load up
to failure at room temperature using MTS mini testing machine
operating at a constant rate of cross-head displacement with a
strain rate of about 5 x 10745~ 1.

The microstructure observations were performed using a
S360 Cambridge scanning electron microscopy (SEM) and a
JEM-2000FX II transmission electron microscopy (TEM). The
thin foils for TEM observations were cut from the center of the
pressed rods on the Y-plane, then were mechanically ground to
about 50 pwm thick and finally thinned by twin-jet electropolish-
ing method with a solution of 33% nitric acid—methanol. After
tensile fracture, all the samples were observed by SEM to reveal
the deformation and fracture features.

3. Results and discussion
3.1. Microstructures before and after ECAP

Fig. 1(a) shows the microstructure of the casting
Al-2.77 wt.% Mg alloy. There is only one phase, i.e. Al solid
solution, and the average grain size is about 100-200 pm. After
ECAP, the grains have been refined to submicron-meter level
after four passes, as shown in Fig. 1(b), and high dislocation
density within the grains can be observed. After annealing at
523 K for 90 min, the dislocation density obviously decreases
and a duplex microstructure with recrystallized and unrecrys-
tallized areas appears, showing a bimodal distribution of grain
size [19]. Wang et al. [20] and Morris and Munoz-Morris
[21] have investigated the microstructure of ECAPed Al-3%
Mg and its evolution during annealing in detail, the present

Fig. 1. Microstructures of Al-2.77% Mg alloy. (a) As-cast, (b) ECAPed for
four pass (observed on Y-plane) and (c) ECAPed for four pass and subsequent
annealing at 523 K for 90 min (observed on Y-plane).

research is consistent with their results. However, it is noted
that the similar microstructure could be acquired by the simpler
process without rolling [20] and homogenization [21] before
ECAP.

3.2. Tensile properties

Fig. 2 shows the tensile stress—strain curves of the Al-Mg
samples. It can be seen from Fig. 2(a) that, the strength of the
alloy increases clearly with increasing the number of ECAP
passes due to grain refinement and the continuous increase in
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Fig. 2. Tensile stress—strain curves of Al-2.77% Mg alloy subjected to (a) ECAP
and (b) ECAP + annealing.

dislocation density. For the as-cast Al-Mg alloy, the ultimate
tensile strength (UTS) is about 190 MPa after one pass and
reaches about 380 MPa after four passes. However, its elongation
decreases from 43% (as-cast) to 10% (four passes). For the sam-
ples after annealing, the UTS and elongation show the similar
variation trend to those of samples only subjected to ECAP (see
Fig. 2(b)). It should be noted that the strength hardly changes
while the elongation increases after four passes and subsequent
annealing, as clearly seen in Fig. 2(a) and (b). From Fig. 3(a) and
(b), it is noted that the strength of the AlI-Mg alloy decreases
while the elongation is obviously improved after annealing at
523 K. For example, the sample pressed for four passes and
annealed, the strength is about 250 MPa and the elongation can
be improved to about 32%. It is obvious that when the Al-Mg
alloy was treated by ECAP and subsequent low-temperature
annealing, its elongation has been recovered to a large extent,
while a high strength is still retained. This high elongation can
be explained by the bimodal distribution of grain size in the
ECAPed and subsequently annealed samples [19]. Compared
with the other Al alloy [15,16] ECAPed in the solid solution
state with post-aging treatment and 5052 Al alloy [17] ECAPed
in heating state, the strength of the current AI-Mg alloy is lower,
but the elongation is much better.

Fig. 3(c) shows the variation of static toughness of the AI-Mg
alloy with the number of ECAP passes. Static toughness rep-
resents comprehensive mechanical property of materials, and
indicates a combination of materials’ strength and plasticity.
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Fig. 3. Dependence of (a) ultimate tensile strength, (b) elongation and (c) static
toughness on the number of ECAP passes for Al-2.77% Mg alloy.

The static toughness U of materials can be calculated by

er
U= / o de. (1)
0

where o is the flow stress and & is the total strain at fracture.
The static toughness was rarely mentioned in the study on the
mechanical properties of the ECAPed materials. It can be seen
that the static toughness of the casting Al-Mg alloy is about
65MIJ/m?>, after one ECAP pass its static toughness decreases
significantly. It can be explained that its elongation is lower than
that in casting state, although its strength is obviously improved.
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Fig. 4. Dependence of Vickers hardness on the number of ECAP passes for
Al-2.77% Mg alloy.

Furthermore, it is evident that the static toughness of the sam-
ples subjected to ECAPed and annealed is always higher than
that of the samples without post-annealing. When the Al-2.77%
Mg alloy was pressed for four passes and annealed, its static
toughness reaches 70 MJ/m?3, slightly higher than that of the as-
cast alloy. In addition, for Al-Cu alloy [22] subjected to ECAP,
its static toughness was also enhanced after multiple passes.
Besides, the static toughness of the Al-2.77% Mg alloy is higher
than that of 7075 Al alloy [16] ECAPed in the solid solution
state with post-ECAP aging treatment and 5052 Al alloy [17]
ECAPed in heating state. So it is suggested that it is feasible to
adjust the comprehensive mechanical properties of materials by
a combination of ECAP and post-annealing treatment.

3.3. Relationship between hardness and strength

Fig. 4 shows Vickers hardness HV as a function of the num-
ber of ECAP passes. It is evident that the hardness increases
with increasing the number of ECAP passes due to grain refine-
ment and work hardening. While annealing treatment causes a
decrease in hardness of the samples subjected to different num-
ber of ECAP passes. This variation trend of hardness is similar
to that of strength. Previous investigations have shown that the
hardness of materials is proportional to the yield strength with a
relationship of HV A 30 Based on the relationship, Furukawa
et al. [23] once studied the Hall-Petch relationship in an Al-3%
Mg alloy subjected to ECAP, by measuring the hardness of as-
fabricated and statically annealed specimens. It is shown that the
data exhibit an apparent decrease in hardness with increasing
annealing temperature after ECAP, and the Hall-Petch relation-
ship persists down to at least the finest grain size (90 nm).

In order to investigate the relationship between Vickers hard-
ness and fracture strength o, of ECAPed Al-2.77% Mg alloy,
the ratio HV/oy, of the Al-Mg samples subjected to different
number of ECAP passes was calculated and is shown in Fig. 5.
It can be seen that the ratio HV/oy, is close to 2.5 for the casting
and ECAPed Al-2.77% Mg alloys, independent of the number
of passes, and so is the ratio for the samples after annealing. This
indicates that the ratio HV/oy}, of Vickers hardness to UTS of the
ECAPed Al-Mg alloy also maintains a constant value of 2.5,
which is a little bit smaller than the ratio HV/oy =3 of Vickers
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Fig. 5. Dependence of the ratio HV/oy, on the number of ECAP passes for
Al-2.77% Mg alloy.

hardness to yield strength for the bulk metallic glassy materials
as discussed by Pan et al. [24].

3.4. Deformation and fracture morphologies

Fig. 6 shows the macro-scale fracture morphology of the
Al-Mg alloy subjected to different number of ECAP passes.
The casting specimen exhibits obvious necking before failure, as
clearly seen in Fig. 6(a). While after ECAP, the fracture becomes
shear mode due to strong work-hardening effect. After one pass,
the shear fracture plane makes an angle of about 50° with respect
to the tensile direction (Fig. 6(b)). After two and four passes, the
shear fracture angles are 53° and 58° (Fig. 6(c) and (d)), respec-
tively. The change from necking fracture in casting state to shear
fracture after ECAP provides strong evidence that the plasticity
of the AlI-Mg alloy decreases as a result of work hardening. It
can be seen from Fig. 7 that the fracture displays the similar
character for the samples after ECAP and subsequent anneal-
ing. The shear fracture angles are almost equal for the samples
before and after every pass. So low temperature annealing treat-
ment does not obviously affect the tensile fracture mode of the
ECAPed Al-2.77% Mg alloy.

Fig. 8 is the fracture surface morphology of the Al-Mg alloy
subjected to different number of ECAP passes. All specimens
failed in a ductile manner, consisting of numerous dimples over
the entire surface. Dimples are slightly elongated along shear
direction after ECAP, as observed in Fig. 8(b)—(d). The elongated
dimples should be a result of the void nucleation and subsequent
coalescence by strong shear deformation and fracture process
on the shear plane. In addition, it can be seen that the average
dimple size of the cast specimen is tens of microns, whereas
the average dimple size gradually decreases with increasing the
number of ECAP passes, and becomes about several microns
after four passes. For the Al-Mg alloys subjected to ECAP and
subsequent annealing, the fracture character and dimple size
are similar, as seen in Fig. 9 in detail. According to the pre-
vious research [25,26], the continuous decrease in the dimple
size can be explained by grain refinement as well as work-
hardening and the fragmentation of the second particles caused
by ECAP.



D.R. Fang et al. / Materials Science and Engineering A 459 (2007) 137-144 141

D
5 4

Fig. 6. Fracture morphology of Al-2.77% Mg alloy observed on Y-plane. (a) As-cast and ECAPed for (b) one pass, (c) two passes and (d) four passes.

Fig. 7. Fracture morphology of Al-2.77% Mg alloy after annealing observed on Y-plane. (a) As-cast and ECAPed for (b) one pass, (c) two passes and (d) four passes.
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Fig. 8. Fracture surface morphology of Al-2.77% Mg alloy. (a) As-cast and ECAPed for (b) one pass, (c) two passes and (d) four passes.

Fig. 9. Fracture surface morphology of Al-2.77% Mg alloy after annealing. (a) As-cast and ECAPed for (b) one pass, (c) two passes and (d) four passes.
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3.5. Fracture mechanism

From the observations in Figs. 6 and 7, it is apparent that the
specimens subjected to ECAP treatment always fail in a shear
fracture mode. Meanwhile, an interesting phenomenon is that all
the shear fracture angles are obviously larger than 45°, indicating
that the shear fracture does not occur along the maximum shear
stress plane. In return, the fracture of the ECAPed Al-Mg alloys
neither follows the maximum normal stress criterion nor obeys
the Tresca criterion. Therefore it is suggested that both normal
and shear stresses (o, and 7,) on the shear plane control the
failure of the ECAPed specimens, and they can be expressed as
[27]:

Op = OT SiI'l2 o, (2a)

T, = T Sin Ot cos O, (2b)
where o is the tensile stress and Ot is the shear fracture angle of
the specimen. For better understanding the shear fracture mech-
anism, as illustrated in Fig. 10, a unified tensile fracture criterion
[28] was proposed as below:

2 2
1o T
(n> + <n> - 1’ (3)
(e} 70
where o¢ and 7 are the average critical normal fracture stress
and the shear fracture stress of the material. According to the

unified tensile fracture criterion, 79 and o can be calculated by
the following equations:

or =210V 1 — a2, 4)
V1 —2a?

T 1
Ot = — — — arctan

T A

To

Fig. 10. Tllustration of shear fracture angles variation according to unified tensile
fracture criterion.

o= (6)
o0

where the ratio a =tp/og is a fracture mode factor controlling
the macro-scale fracture modes of the materials. It is suggested
that when 0 < @ = 19/00 < ﬁ/Z, shear fracture angle Ot is in
the range of 45-90° [28]. The ratios « of the samples subjected
to different number of ECAP passes were calculated and are
listed in Table 1. From the data in Table 1, the value « should be
in the scope of 0 < & < +/2/2. Consequently, depending on the
ratio «, the shear fracture angles range about from 50° to 60°,
as shown in Figs. 6 and 7.

According to the unified tensile fracture criterion, the varia-
tion of the average critical normal and shear stresses (o and 7¢)
on the number of ECAP passes were calculated and are shown

775 5 , 5) in Fig. 11. It is apparent that ¢ hardly changes, while oo obvi-
o .
ously decreases from one pass to two passes (see Fig. 11(a)).
Table 1
Ratio « for samples subjected to different number of ECAP passes
One pass Two passes Four passes One pass + annealing Two passes + annealing Four passes + annealing
Shear fracture angle, Ot (°) 50 53 58 52 52 55
a=10l09 0.384 0.464 0.552 0.441 0.441 0.504
(a) 600 (by 500
- [ |3
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Fig. 11. Dependence of tg and o on the number of ECAP passes for Al-2.77% Mg alloy. (a) As-ECAP and (b) ECAP + annealing.
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While from two passes to four passes, to and o increase simul-
taneously, from 185 MPa to 242 MPa (tg) and from 400 MPa
to 438 MPa (o). It is evident that the increasing proportion
of t¢ is higher than that of o, resulting in an increased ratio
a =T1plog. Since the shear fracture angle 6t is a function of the
ratio o = tp/og (see Eq. (5)), it is not difficult to understand why
the shear fracture angle increases with increasing the number of
ECAP passes, as shown in Fig. 6(a)—(d).

After annealing, both t¢ and o( decrease for the samples
subjected to different number of ECAP passes, as shown in
Fig. 11(b). It can be seen that 7 increases from 160 MPa to
170 MPa, and o also increases from 363 MPa to 385 MPa from
one pass to two passes. Moreover, it is noted that the increas-
ing proportion is equal (about 6%) for both ¢ and o, so the
ratio @ nearly maintains constant. Accordingly, the shear fracture
angles are both 52° after one pass and two passes. Thereafter,
7¢ increases while o decreases after four passes, leading to the
increase in the ratio o again. As aresult, the shear fracture angles
change less, from 52° after one pass to 55° after four passes.

Based on the failure modes above, it is suggested that the
ECAP process can effectively change the fracture mode from
necking to shear fracture with different shear fracture angles,
which indicates a different variation tendency for average criti-
cal normal and shear fracture stresses. Furthermore, the ECAP
process can modulate the mechanical properties of the materials
with different strength, elongation, static toughness and failure
mode.

4. Conclusions

(1) The UTS of Al-2.77% Mg alloy increases with increasing
the number of ECAP passes, while the elongation decreases.
After annealing, the elongation is recovered to a large extent.
Consequently, the static toughness of the alloy is enhanced
by a combination of ECAP and annealing treatment.

(2) The Vickers hardness HV of the Al-2.77% Mg alloy approx-
imately obeys the relationship HV/op, ~ 2.5, independent of
the number of ECAP passes, and so is that for the samples
after annealing.

(3) The casting specimen exhibits obvious necking before fail-
ure, while after ECAP, the specimens fail in a shear mode.
And all shear fracture angles are larger than 45° and increase
with increasing the number of ECAP passes. This indi-
cates that the shear fracture of the ECAPed Al-Mg alloy
is controlled by both shear and normal stresses.
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