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Tensile Deformation Behaviors of Cu�Ni Alloy Processed by
Equal Channel Angular Pressing**
By Jiangwei Wang, Peng Zhang, Qiqiang Duan, Gang Yang, Shiding Wu and Zhefeng Zhang*
The microstructure of the Cu�Ni alloy specimen ER is mainly elongated coarse grains. However, the
microstructure of the specimen EH is inhomogeneous and some recrystallized sub-grains form. In
addition, the misorientation angles of the specimens ER and EH are mainly smaller than 158, showing
a feature of low-angle grain boundaries. Although the uniform elongation of the ECAPed Cu�Ni alloy
decreases rapidly, the yield strength of the Cu�Ni alloy is improved more than three times after ECAP
for one pass. The mechanical properties, deformation, and fracture of Cu�Ni alloy are not significantly
affected by the strain rates. With the increase in strain rates, the yield strength of the specimen E0
hardly changes but the ultimate tensile strength increases slightly. However, with the increase in strain
rates, the tensile strength of the specimen EH gradually improved. Besides, the fracture fractographies
of the specimens EH turn into shear dimples at high strain rate. In addition, both the strain-hardening
exponent n and strain-rate sensitivity m of the specimens EH are small, inducing lower strain-
hardening, uniform plastic deformation and resistance to the shear deformation.
Copper and its alloys are widely used in industry. In the

past few years, high-performance Cu alloys have been

investigated extensively.[1–5] The copper alloys which have

the main alloying element of nickel are called cupronickel

alloy or white brass.[1] Due to the excellent properties, such as

high electron properties, high strength, and excellent corro-

sion resistance to the sea water, Cu�Ni alloy has been widely

used in industry.[1–5] Recently, how to prepare high-
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performance Cu�Ni based alloys has attracted much atten-

tion.[1–4]

In the past decade, the technique of equal channel angular

pressing (ECAP) has drawn much attention as a method of

severe plastic deformation (SPD) to improve the mechanical

properties of materials.[6–8] Up to now, many metals and

alloys, which have high strength or superplasticity, have been

fabricated via ECAP technique, albeit their ductility is

decreased in comparison with that of their coarse-grained

counterparts.[6,7] Recently, high-performance Cu alloys pro-

duced by ECAP technique have attracted more and more

attention. Some Cu alloys with high-performance have been

fabricated by ECAP and their properties have been investi-

gated, such as the superplasticity of Cu�Zn alloy, the

ferromagnetic performance of Cu–Co alloy, microstructure

of Cu–Si alloy, and mechanical properties of Cu–Cr and

Cu�Cr�Zr alloys.[9–13] Moreover, Cu�Zn and Cu�Al alloys

with high strength and certain ductility, produced by SPD,

have also been studied.[14–16] However, compared with pure

Al and its alloys, the research of SPD Cu alloys is only confined

to just a few kinds of alloys.[6,9–16] Hence, how to expend the

research to other Cu alloys should be conducted in the future.

In the present work, the Cu�Ni alloy was processed by ECAP

to investigate its tensile deformation behaviors and mechan-

ical properties at room temperature (RT) and different strain

rates. Because it is the first time to process Cu�Ni alloy by

ECAP, we primarily compare its tensile properties after

one-pass pressing at different strain rates.
. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4
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Fig. 1. The microstructure of the Cu�Ni alloy annealed at 840 8C for 1.5 h.

Fig. 2. Illustration of the ECAP die and three directions.
Experimental

The experimental material in present work is Cu-40 wt%

Ni-1.5 wt% Mn alloy. The Cu�Ni alloy bars were annealed in

vacuum furnace at 840 8C for 1.5 h, gaining the average grain

size of about 45mm with some annealed twins inside the

grains (Fig. 1). The alloy bars were made into some billets with

a dimension of F8 mm� 45 mm. Then, ECAP was conducted

at RT and high temperature, respectively, using the die whose

channel angle is F¼ 908 and C¼ 308. When extruded at high

temperature, the specimens were preserved at 350 8C for
Fig. 3. EBSD micrographies and misorientation for the specimens ER and EH (Y plane)

ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4 � 2010 WILEY-VCH Verl
10 min and then pressed through the die. Hereafter, the

annealed specimens are labeled as E0, and the specimens

conducted at RT and high temperature are defined as ER and

EH, respectively. Three separate orthogonal planes are also

defined in Figure 2 where these planes are the X or transverse

plane perpendicular to the flow direction, the Y or flow plane

parallel to the side face at the point of exit from the die and the

Z or longitudinal plane parallel to the top surface at the point

of exit from the die, respectively [6]. In addition, because of the

rapid strain hardening of the Cu�Ni alloy, the pressing was

conducted only for one pass.

After ECAP, the specimens for electron backscatter

diffraction (EBSD) observations were cut from the center of

the ECAPed bars parallel to the Y plane. After mechanically
. (a, b) ER; (c, d) EH.
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Fig. 4. (a) The tensile engineering (black) and true (red) stress–strain curves of the
Cu�Ni alloys before and after ECAP; (b) the tensile stress–strain curves of the
specimens E0 and EH at different strain rates; (c) the dependence of YS and UTS
on the strain rates of the specimens E0 and EH.

Table 1. Strength,UE, and hardness of the Cu�Ni alloy specimens before and after ECAP.

Specimens E0 EH ER

sb [MPa] 389 568 629

s0.2 [MPa] 134 546 591

UE [%] 44 3.4 2.8

HV [MPa] 125 203 213
ground and polished, some EBSD samples with a diameter of

3 mm were punched for ion milling at �40 8C, 2 h. Then, the

samples were observed by LEO Supra 35 scanning electron

microscope (SEM) equipped with an EBSD system.

The tensile specimens with cross-section of 1.5 mm� 2 mm

and gauge length of 8 mm were machined from the annealed

and ECAPed samples, with their tensile axes parallel to the

extrusion direction. And then, the tensile specimens were

mechanically ground and finally mechanically polished.

Tensile experiments were conducted at RT using the Instron

8871 testing machine operated at a constant cross-head speed

with a strain rate of about 5� 10�4 s�1. Furthermore, to

understand the deformation behaviors of Cu�Ni alloy

comprehensively, tensile tests were also conducted at

different strain rates ranging from 5� 10�4 to 1� 10�1 s�1 in

the specimens E0 and EH. Besides, three to five tensile

experiments were conducted to check the repeatability of the

results up to fracture. Because it is difficult to press more

Cu�Ni alloy bars at RT, the specimens ER were not performed

at different strain rates. After the tensile tests, surface

deformation morphologies and fractographies were observed

using a LEO Supra 35 SEM and the Vickers hardness tests

were conducted by using the MVK-H3 hardness-testing

device.

Results

Figure 3 is the EBSD micrographies and misorientation for

the samples ER and EH. It is apparent that the microstructure

of the specimen ER is mainly the elongated coarse grains

[Fig. 3(a)]. The grain boundaries of the specimens ER are

found to be mainly low-angle ones, because most of them

have misorientations less than 158 [Fig. 3(b)]. However, there

are also some high-angle grain boundaries between 408 and

508. On the contrary, the distribution of grains in the specimen

EH is inhomogeneous [Fig. 3(c)]. In some zones, dynamic

recovery or dynamic recrystallization occurs and relatively

small grains or sub-grains form; whereas, there are also some

coarse grains in other zones, which are just elongated along

the ECAP shear direction. In addition, there are primarily

low-angle grain boundaries and the high-angle ones almost

disappear in the specimen EH [Fig. 3(d)].

The tensile stress–strain curves of the Cu�Ni alloy are

shown in Figure 4(a), which were conducted at RT with a

constant strain rate of 5� 10�4 s�1. Their mechanical proper-

ties are listed in Table 1. Apparently, the strength of the

ECAPed specimens is enhanced and the ductility decreases

dramatically. The yield strength (YS) of the Cu�Ni alloy

increases from 134 MPa of the specimen E0 to higher than

546 MPa even after only one-pass ECAP. Meanwhile, the

ultimate tensile strength (UTS) improves from 389 MPa of the

specimen E0 to higher than 568 MPa after ECAP. Never-

theless, similar to most of the ECAPed materials, the uniform

elongation (UE) of the ECAPed Cu�Ni alloy decreases

rapidly, from 44% of the specimen E0 to lower than 5% after

ECAP, inducing low resistance to the necking. The hardness of
306 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4
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Fig. 5. Tensile surface deformation morphologies of the Cu�Ni alloy before and after
ECAP. (a) and (b) E0; (c) EH (Z plane).
the Cu�Ni alloy is also shown in Table 1. It can be seen that the

change of hardness is closely associated with the strength,

increasing from HV125 of the specimen E0 to more than

HV200 after ECAP.

When pressed at different temperatures, the mechanical

properties of the specimens are slightly different. From

Figure 4(a) and Table 1, it can be seen that the strength of the

specimen EH is lower than that of the specimen ER; however,

the elongation of the specimen EH is slightly higher than that

of the specimen ER.

The tensile engineering stress–strain curves of the speci-

mens E0 and EH at different strain rates are shown in

Figure 4(b). It can be seen that the stress–strain curves of

Cu�Ni alloy are not affected apparently by the strain rates.

Figure 4(c) demonstrates the dependence of strength on the

strain rates. The YS of the specimens E0 hardly changes with

the strain rates; whereas, the UTS of the specimens E0

increases gradually with the strain rates. On the contrary, both

YS and UTS of the specimens EH increase with the strain rates.

Moreover, the ductility of the specimens EH is improved

slightly at higher strain rate [Fig. 4(b)].

The surface deformation morphologies of the tensile

specimens are shown in Figure 5, which were conducted at

the strain rate of 5� 10�4 s�1. In the specimens E0, surface

plastic deformation occurred on the whole gauge part of

the tensile specimens and there is apparent necking near the

fracture zone. Meanwhile, many slip bands arise on the

surface of the specimens E0, most of which are confined in

the interior of the coarse grains [Fig. 5(a)]. In addition, there

are also some deformation morphologies, showing the

crossing of slip bands through some twin boundaries

[Fig. 5(b)]. For the specimens EH, their deformation

morphologies are shown in Figure 5(c). It is found that the

plastic deformation of the specimens EH mainly concentrates

near the necking zone. In addition, there are some dense shear

bands on the surface of the specimens EH [Fig. 5(c)], which is

different from that of the specimens E0. Most of the shear

bands can continuously cross through the grain boundaries

and link with each other. Because the microstructure of the

specimens EH is inhomogeneous, some coarse grains with

dense shear bands can also be seen. Besides, the plastic

deformation behaviors of the specimens ER are similar to that

of the specimens EH, which is not shown here.

Moreover, the surface fracture morphologies of the speci-

mens E0 and ER are also various at different strain rates.

Figure 6 presents the surface fracture morphologies of the

specimens E0 and ER at different strain rates. The fracture

morphologies of the specimen E0 are similar at all strain rates,

with obvious necking near the fracture zone [Fig. 6(a) and (b)].

Different from that of the specimens E0, the specimens EH

show some features of shear fracture at all the strain rates

[Fig. 6(c) and (d)]. The fracture angles of the specimens EH are

538 at 1� 10�3 s�1 and 608 at 1� 10�1 s�1, respectively. This

indicates that the shear stress plays an important role in the

fracture of the specimens EH. Besides, all the fracture angles

arise on the Y plane of the ECAPed specimens. In some other
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4 � 2010 WILEY-VCH Verl
ECAPed materials, such as Al–Mg alloy and the specimens

ER, the fracture angle also arises on the Y plane of ECAPed

materials.[17,18] It means that the shear deformation during

ECAP has some impact on the deformation and fracture

behaviors of the ECAPed materials.

With the increase in strain rate, the tensile fractographies of

the specimens E0 and EH also have some changes. Figure 7 is

the fractographies of the specimens E0, which are similar at

different strain rates. All of the specimens E0 have some shear

lips near the edge of the fracture zone, as well as the equiaxial

dimples in the center of the fracture zone, as presented in

Figure 7. On the contrary, the specimens EH show different

fracture characteristics (Fig. 8). At low strain rate, it is

primarily equiaxial dimples, which homogeneously distribute
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 307
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Fig. 6. Tensile fracture morphologies of the specimens E0 at strain rate of (a) 1� 10�3 s�1 and (b) 1� 10�1 s�1;
tensile fracture morphologies of the specimens EH (Y plane) at strain rate of (c) 1� 10�3 s�1 and
(d) 1� 10�1 s�1.

Fig. 7. The tensile fractographies of the specimens E0 at different strain rates. (a, b) 1� 10�3 s�1;
(c, d) 1� 10�1 s�1.
in the center of the fracture zone. At the edge of the fracture

zone, some shear lips arise [Fig. 8(a)]. Whereas, at high strain

rate, it is mainly separated shear dimples in the fracture zone

and the shear lips disappear [Fig. 8(c) and (d)]. The elongated

direction of shear dimples is along the shear direction

[Fig. 8(d)]. The shear dimples also indicate that shear

deformation becomes the primary deformation mechanism

for the specimens EH.

Discussion

Microstructure and Properties of Specimens EH

Generally, the misorientation angles between grain bound-

aries in completely recrystallized materials are primarily
308 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
high-angle ones.[19] However, because the

temperature of ECAP extrusion is low and

the processing time of specimens EH through

ECAP die is short, the dynamic recovery or

recrystallization is incomplete. This will

induce partial recovery or annihilation of

dislocations, leading to the formation of some

sub-grains with low-angle grain boundaries

in some zones [Fig. 3(c) and (d)], whose

misorientation angles between grain bound-

aries are usually lower than 158.[19] Besides,

partial recovery or annihilation of disloca-

tions also means lower dislocation density in

the specimen EH. During the following

tensile deformation of specimen EH, more

dislocations can also be accommodated

before necking, inducing the slightly higher

ductility and relatively lower strength

[Fig. 4(a) and Table 1].

Strain-Hardening Behavior

In the tensile true stress–strain curves, the

relationship between flow stress and strain in

the stage of uniform plastic deformation can

be expressed as[20,21]

sT ¼ K eTÞnð (1)

where sT is the true stress, eT is the true strain,

n is the strain-hardening exponent, and K is

the strength coefficient. This equation is

called as Hollomon relationship.[20,21] The

strain-hardening exponent n reflects the

ability of resistance to plastic deformation

of materials,[20,21] that is, the higher strain-

hardening exponent n means the higher

resistance to plastic deformation and neck-

ing.[21] The strain-hardening exponent n can

be obtained by the following equation:

lg sT ¼ lg K þ n lgeT (2)

By using Equation (2), the strain-

hardening exponent n of the specimen E0
was calculated to be 0.390. However, because of the low

uniform plasticity of the ECAPed specimens, if its strain-

hardening exponent n is determined by Equation (2), there

will be a big error.

In addition to Equation (2), there is another method to

simply gain the strain-hardening exponent n of materials,

which can be expressed as[20]

em ¼ n (3)

where eu is the true UE, and the strain-hardening exponent n is

equal to eu.[20] By using Equation (3), the values n of Cu�Ni

alloy were measured, as listed in Table 2. The value n of the

specimen E0 is about 0.378, which is approximately equal to

the calculated value by using Equation (2). The values n of the
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4
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Fig. 8. The tensile fractographies of the specimens ER at different strain rates. (a, b) 1� 10�3 s�1; (c, d)
1� 10�1 s�1.
specimens EH and ER were measured to be 0.035 and 0.029,

respectively. It can be seen that the value n of the specimen EH

is slightly higher than that of the specimen ER, which might be

induced by the dynamic recovery during ECAP at high

temperature. The higher strain-hardening exponent n means

better abilities of strain-hardening and resistance to plastic

deformation and necking.[21,22]

In addition, according to the Considère criterion, non-

uniform deformation occurs when the following condition is

reached:[22,23]

@s

@e

� �
e
�
� s (4)

where s and e are the true stress and true strain, respectively,

and e
�

is the strain rate. The left-hand term represents the

strain-hardening rate. It means that the necking occurs when

the strain-hardening rate exceeds the true stress at constant

strain rate.[22,23] For the ECAPed Cu�Ni alloy, its strength is

extremely high [right-hand term of Eq. (4)] and its strain-

hardening rate is low [left-hand term of Eq. (4)], making it easy

onset for the inhomogeneous deformation at small strain. The

lower value n of the ECAPed Cu�Ni alloy also illustrates this

point, which means the occurrence of necking after very little

strain-hardening and uniform plastic deformation. In order to

improve the UE of the ECAPed Cu�Ni alloy, one method is

to further process the samples at high temperature for
Table 2. Strain-hardening exponent n of the Cu�Ni alloys before and after ECAP.

Specimens E0 EH ER

n 0.390 — —

n (eu) 0.378 0.035 0.029
Fig. 9. The dependence
EH.

ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
multiple passes; another is to adjust its

microstructures through subsequent heat-

treatment after ECAP.

Strain-Rate Sensitivity

Strain rate plays important roles in the

deformation mechanism and mechanical

properties of metallic materials. Generally,

the flow stress of materials increases with the

increase in strain rates, which is called as

strain-rate hardening.[20,21] The change of

strength with strain rates can be expressed by

strain-rate sensitivity m.[20,21] Moreover

increase in the strain rates could also

promote the strain-hardening ability to some

extent, which could enhance the UE and the

total tensile strain.[22,23] Hence, the higher

strain-rate sensitivity m not only means the

higher strain-rate hardening ability but also a

higher resistance to necking during tension

and superplastic deformation ability at

proper temperature.[20–23] The relationship
between strain-rate sensitivity m and flow stress can be

expressed as[20,21]

s ¼ Ke
�m

(5)

In the above equation, e
�

is the strain rate, K is the flow stress

of materials at the unit strain rate, which is a constant of

materials. The above relationship can also be expressed as[20]

m ¼ @ ln s

@ ln e
�

����
e;T

(6)

By using Equation (6), the strain-rate sensitivity m can be

calculated.

For the specimens E0 and EH, the dependence in flow

stresses on the strain rates is shown in Figure 9. It can be seen

that the flow stresses of the specimens E0 and EH increase
of flow stress on the tensile strain rates of the specimens E0 and

, Weinheim http://www.aem-journal.com 309



C
O
M

M
U
N
IC

A
T
IO

N

J. Wang et al./Tensile Deformation Behaviors. . .

Fig. 10. Illustration of the formation process of dimples. (a) Equiaxial dimple; (b) shear
dimple.
slightly with increase in the strain rates. Besides, it should be

noted that both the specimens E0 and EH have a small

strain-rate sensitivity m in the strain rate range from 5� 10�4

to 10�1 s�1, which is 0.013 for E0 and 0.016 for EH. It means

that both the specimens E0 and EH display lower dependence

of flow stress on the strain rates, and show a slight strain-rate

hardening ability (Fig. 9). Generally, the m value of bcc metals

decreases rapidly with refining their grain size down to the

nanoscale.[22] On the contrary, the strain-rate sensitivity m of

fcc metals increases gradually with the decrease in the grain

size.[22] For the coarse-grained Cu, m is 0.011, as well as 0.036

for the electrodeposited nanoscale Cu, 0.015 for the ECAPed

ultra-fine grained (UFG) Cu and 0.03–0.04 for the Cryo-rolled

UFG Cu.[23–25]

The strain-hardening exponent n and strain-rate sensitivity

m play important roles in the plastic deformation of

materials.[20–23] For the materials sensitive to the strain-rate,

the presence of the strain-rate sensitivity of the flow stress, m,

helps to sustain the uniform deformation.[22,23] Hence, m must

be considered in the unstable criterion. According to the Hart

instability criterion[22,23,26]

1

s

@s

@e

� �
e
�
�1 þm � 0 (7)

for the high-strength materials, sufficiently large strain-

hardening ability, and/or strain-rate hardening needs to be

present to sustain the uniform straining before the onset of

localized deformation.[22,23,26] For the specimens E0, though

m is low, n is sufficiently high, which means that the

strain-hardening rate is large and more homogeneous

deformation can be contained before necking. On the contrary,

both n and m of the ECAPed Cu�Ni alloys are still lower and

inadequate to stabilize the large uniform tensile deformation.

This explains why localized deformation or necking always

occurs in the metals produced by SPD as soon as the

diminishing strain-hardening can no longer compete with

the shrinkage in the cross-sectional area.[23] Besides, the

lower m also indicates insufficient resistance to the shear

deformation, inducing the shear deformation as the primary

plastic deformation mechanism.[23] Therefore, it is necessary to

further consider the shear deformation and the fracture features.

Deformation Mechanism and Shear Dimple

Dimple is the typical fracture morphology of ductile

materials.[20,21] The shape of dimples changes with the stress

condition: the dimples are equiaxial under normal stress;

whereas, the dimples will extend along the shear direction to

form shear or elongated ones under shear stress.

During the tensile test, the voids will be preferential to

nucleate in the zone with high strain concentration, and then

grow, coalesce, and link with each other, eventually induce

fracture. There are many factors, such as the strength of

matrix, influencing the voids nucleation.[27] Generally, the

void nucleation occurs at lower plastic strain in the high-

strength ones for the identical material.[27] For the specimens

E0, its strength is low and the voids will nucleate at high
310 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
plastic strain, showing a higher UE (Fig. 4 and Table 1). For the

specimens EH, the voids will nucleate at lower plastic strain

and induce necking. On the other hand, the deformation

mechanism also changes after ECAP. The specimens E0

display ductile fracture controlled by the normal stress, as

seen in Figure 6(a) and (b). After ECAP, the deformation

mechanism has changed into shear fracture and shear

deformation becomes the dominating deformation mechan-

ism, which can be seen from Figure 6(c) and (d). Fang et al.

investigated the deformation and fracture of the ECAPed

Al-2.77 wt% Mg alloy.[18] Similar to the specimen EH, this

alloy has a fracture angle of 508 on Y plane after one-pass

ECAP. It was suggested that the shear fracture of the

Al-2.77 wt% Mg alloy was controlled by both shear and

normal stresses during tensile deformation.[18]

Furthermore, strain rate also plays an important role in the

deformation behaviors of materials.[20–26] With the increase of

strain rates, the shape of dimples in the fracture zone of the

specimens EH changes from equiaxial to shear dimples

(Fig. 8). Figure 10 illustrates the formation processes of the

equiaxial and shear dimples. Under low strain rate, the voids

have enough time to expand along the cross direction after

nucleation, and link with each other to form the equiaxial

dimples, as illustrated in Figure 10(a). However, during

plastic deformation, the relative deformation rate is enhanced

when increasing the strain rate. When the strain rate exceeds

the limitation, such as 1� 10�1 s�1, it will restrict the plastic

deformation and induce extremely uneven plastic deforma-

tion. As a result, the deformation resistance of materials is

enhanced, which can be seen from Figure 9. Meanwhile, it will

also trigger the shear deformation at high strain rate in the

materials with a lower m.[23] Even at ductile fracture, the

concentration mechanism of voids will be rapidly transformed

to shear fracture at high strain rate and form severe shear

bands between voids, as illustrated in Figure 10(b). The shear

deformation will induce the dimples shearing, elongating
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 4
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along the shear stress direction and resulting in the shear

dimples eventually, as demonstrated in Figure 8(d) and 10(b).
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