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a b s t r a c t

Cu, Cu–2.87 wt% Mn, Cu–4.40 wt% Mn and Cu-10.19 wt% Mn were prepared by cold-forging. The defor-
mation behavior of Cu–Mn alloys is consistent with the Cu-Al alloys and Cu–Zn alloys but without low-
ering the stacking fault energy to simultaneously increase the strength and ductility. A series of analysis
demonstrate that Cu–Mn alloys have a much smaller twin density than low stacking fault energy (SFE)
metals, and dislocation strengthening is the major reason for the higher strength. The role of short range
order (SRO) in promoting the mechanical properties has also been briefly discussed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Stacking fault energy (SFE) is an important material parameter
that could affect deformation mechanism during severe plastic
deformation (SPD) processing [1–3]. Meanwhile, both a relatively
high and low SFE are better for grain refinement in HPT process,
since a high SFE has a high rate of recovery while low SFE facilitates
more deformation twins [3]. SFE determines the probability of
cross slip, which along with dislocation climb is the possible mech-
anism of dynamic recovery [4]. Researchers have considerable
interest in SFE on the bulk ultrafine-grained (UFG,<1 lm) and
nanocrystalline (NC,<100 nm) materials which are prepared by a
variety of ways, such as high-pressure torsion (HPT) [5], equal
channel angular pressing (ECAP) [6], dynamic plastic deformation
(DPD) [7], mechanical balling [8], accumulative roll-bonding
(ARB) [9] and multiple channel-die compression [10]. With a de-
crease of SFE by mechanical alloying after ECAP, there is a concur-
rent increase of strength and ductility in Cu–Al alloys due to the
formation of deformation twins and their intersection with dislo-
cation [6]. The previous studies demonstrated the possibility of
lowering the stacking fault energy to simultaneously increase the
strength and ductility, and there is an optimum stacking fault en-
ergy that yields the best ductility [5,11]. The lower SFE also has a
higher tendency of twinning compared to the high SFE counterpart,
and deformation mechanism can also be transformed from disloca-
tion-dominated to twin-dominated in low SFE Cu alloys [8]. A
decreasing SFE leads to better grain refinement, thus further
enhancing the strength of the alloys [11]. Manganese is the only
element that can be dissolved in copper up to 12% without mark-
edly changing the SFE [12]. Hence, investigation of the deformation
ll rights reserved.
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behavior of Cu–Mn alloys may yield insight into the influence of
alloying elements apart from the (usual) decrease in SFE. We found
that the strength and ductility increase simultaneously without
SFE decreasing. This result is markedly different from the previous
observations. Therefore, it is the purpose of this investigation to
study the deformation behavior of cold-forged Cu–Mn alloys with-
out markedly changing the SFE.
2. Experimental procedure

In this work, the starting material was commercially pure cop-
per with a purity of 99.9% and manganese with a purity of 99.7%.
Cu, Cu-2.87 wt% Mn, Cu-4.40 wt% Mn and Cu-10.19 wt% Mn were
melted in an intermediate frequency furnace. Fig. 1 shows the ef-
fect of manganese, aluminum and zinc addition on the SFE value
of copper alloys. These as-casts original diameter is 32 mm. Before
the forging treatment, the samples were annealed in vacuum at
800 �C for 120 min to obtain homogenous coarse grains. The cast
ingots were hot forged to 22 mm in diameter to diminish the effect
of mechanical processing and obtain homogeneous microstruc-
tures. The samples were sunk in a liquid nitrogen bath after per
process of die-forging and the ultimate diameter was 8 mm.

X-ray diffraction (XRD) patterns were acquired on Ricaku D/
max 2550 V equipped with a Cu Ka anode (wavelength
k = 1.54 A). The size of grains and twin density were determined
by using an image analyzer [13]. For the Vickers microhardness
measurements, each sample was mechanically polished to a
smooth surface and then measurements were taken using a HX-1
microhardness tester. Each value is averaged from at least 30
indentations. Tensile tests were performed at room temperature
(RT) at a constant strain rate of 1 � 10�4 s�1 by employing a Shima-
dzu testing machine based on Chines National Standard for the
tensile Test (GB-T 228-2002) [14] .
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Fig. 1. Variation in SFE values of copper alloys as a function of alloying element
concentration.

Fig. 3a. True stress–true strain curves of the Cu, Cu-2.87 wt% Mn, Cu-4.40 wt% Mn
and Cu-10.19 wt% Mn alloys.
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3. Experiment results

3.1. Microhardness results

The average values of microhardness of each sample are shown
in Fig. 2.

As shown in Fig. 2, the microhardnesses of all samples increased
with the increasing solid solubility. This is related to solution
strengthening due to different amount of Mn contents.
Fig. 3b. The normalized strain hardening rate against the true plastic strain and
true stress.
3.2. Tensile test results

Fig. 3a shows the true stress–true strain curves of the Cu, Cu-
2.87 wt% Mn, Cu-4.40 wt% Mn and Cu-10.19 wt% Mn alloys at room
temperature obtained from the tensile tests. The yield strength and
the ultimate strength increase with decreasing stacking fault en-
ergy from Cu to Cu-10.19 wt% Mn (increasing Mn content in the al-
loy without decreasing stacking fault energy). The ductility
increased from 0.7% to 1.5% with increased manganese element
solubility. The Cu-10.19 wt% Mn alloy has the highest strength
and the best ductility. Fig. 3b shows the normalized strain harden-
ing rate against the true plastic strain or the true stress. The nor-
malized work hardening rate h can be defined as:
Fig. 2. Microhardness changes of Cu–Mn alloys with the contents of Mn.
h ¼ 1
r

@r
@e

� �
e ð1Þ

where r and e are the true stress and the true strain respectively [5].
The normalized strain hardening rate slightly increases with the
increasing Mn content. The strain hardening rate corresponds to
the changes of ductility.

3.3. XRD results

Fig. 4 demonstrates the XRD patterns of pure copper, Cu- 2.87%
Mn, Cu- 4.4% Mn and Cu- 10.19% Mn respectively. The peak shift is
mainly due to the increasing Mn content and also the decreased
grain size. The dislocation density q, may be calculated from the
crystallite size d, and microstrain,<e2>1/2, measured by XRD using
the relationship [15]:

q ¼ 2
ffiffiffi
3
p
ðe2Þ

1
2

dXRDb
ð2Þ

where b is the absolute value of the Burgers vector which for FCC
metals, is the length of a unit dislocation along the <110 > direction
so that b =

ffiffi
2
p

2 a, where a is the lattice parameter.



Fig. 4. XRD patterns for pure copper and Cu–Mn alloys.

Fig. 5. Changes of dislocation density and twin density with Mn content.

Fig. 6a. The yield strength curves for the Cu alloys for different SFEs.

Fig. 6b. Tensile elongation of the Cu alloys as a function of different SFEs.
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The twin density b, defined as the probability of finding a twin
boundary between any two neighboring <111> planes, was calcu-
lated using the expression [16,17]:

b ¼ DC � G � ð2hÞ1 1 1 � DC � G � ð2hÞ2 0 0

11 tan h1 1 1 þ 14:6 tan h2 0 0
ð3Þ

where DC � G � ð2hÞ1 1 1 and DC � G � ð2hÞ2 0 0 are the angular deviations
of the gravity center from the peak maximum of the <111> and
<200> XRD peaks, respectively.

The results of dislocation density and twin density are shown in
Fig. 5, with the variation of Mn content.
4. Discussion

4.1. The effect of SFE

The yield strength and uniform elongation curves for the Cu al-
loys for different SFEs are shown in Figs. 6a and 6b, respectively. A
series of previous studies demonstrated the possibility of lowering
the stacking fault energy to simultaneously increase the strength
and ductility [11,18,19], as shown in Figs. 6a and 6b. Surprisingly,
we found that the Cu–Mn alloys have the same trend without
decreasing SFE. Zhao et al. found that because of its low SFE, the
UFG bronze has both higher strength and better ductility than
the UFG copper [5]. The higher ductility and strength is derived
from its low SFE and high twin density [13]. X-ray diffraction
(XRD) data demonstrates that Cu and Cu–Mn alloys have a twin
density almost below 0.01%. Twins do play an important role in
promoting the strain hardening, which can also help delay the on-
set of necking, thereby promoting the tensile ductility [20]. The
twin density in the Cu–Mn samples obtained from statistical anal-
ysis of XRD indicates the twin density did not play a major role in
promoting the strain hardening (less than 0.1%). Meanwhile, the
manganese addition has a minor effect on the SFE value of copper
alloys. SFE is known as an important parameter which can induce
the formation of twins and also improve strength by forming more
spilt dislocation and stack faults [8,21]; thereby the influence of
stacking fault energy on the mechanical properties is negligible.
Therefore the twins have no significant impact on the ductility,
which means twin strengthening is negligible.

4.2. The effect of dislocation on strength

As can be seen in Fig. 5, the dislocation density increases from
0.005 to 0.175 � 1016 m�2 with the increase of Mn content. Accord-
ing to the Taylor Equation, the relationship between the yield
strength ry and the dislocation density q can be described as
follows:
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ry ¼ r0 þ aMGb
ffiffiffiffi
q
p ð4Þ

where r0 is the friction stress, a is a constant, M is the Taylor factor,
and G is the shear modulus [22]. The increasing dislocation density
leads to an increase in strength.
4.3. The effect of grain size on strength

The higher strength of the Cu–Mn alloys can also be ascribed to
its smaller grain size and solution hardening [23]. Despite of the
constant SFE, with increasing Mn content the rolling textures
change from the pure metal (copper) type towards the alloys
(brass) type, where the rolling textures strongly resembled the re-
sults obtained in the Cu–Zn system as a result of a decreasing SFE
[12]. Therefore, the texture does not play an important role in this
system.
4.4. The effect of short range order (SRO) on ductility

It has been reported that the addition of a certain amount of
manganese causes SRO and slip planarity in copper alloys
[24,25]. Several previous investigations have reported that a ‘glide
plane softening’ phenomenon associated with short range ordering
(SRO) is mainly responsible for planar glide regardless of the value
of the SFE in FCC solid solution alloys [25,26]. The contribution of
SRO in hindering the total dynamic recovery processes is negligi-
ble, while it still triggers slip planarity [26]. Meanwhile, slip pla-
narity is considered to have the same influence in causing a
linear hardening effect as deformation twinning, for the reduction
of dislocation glide length and dynamic recovery rate [27]. Insuffi-
cient ability to strain harden, which was often observed in nano-
structured and ultrafine grained metals, leads to the onset of
early necking, thus reducing the amount of uniform plastic defor-
mation [18]. Therefore, the SRO obstacles have a contribution to
the increased work hardening rate. The higher ductility of the
Cu–Mn alloys is derived from its higher H, which can be concluded
is caused by SRO according to the analysis above. SRO also plays a
role in solid solution strengthening [28]. However, more detailed
analyses are still needed to further understand the precise role
SRO played in Cu–Mn solid solutions.

Special attention should be paid here that unlike the common
belief in the deformation mechanism for Cu alloys by severe plastic
deformation, where the strength and ductility increase simulta-
neously with the decrease of SFE [11,29–34], we have increased
ductility, or at least retained it without any obvious change of
SFE. Therefore we may assume that twinning, induced by a de-
crease of SFE, may not be the sole mechanism to obtain a good
combination of satisfactory strength and ductility.

It is noteworthy that the inhomogeneous microstructure also
contributes to the ductility according to the distribution of hard-
ness. The relatively small grains inside can shoulder the ductility
in some degree [35].
5. Conclusions

In summary, the SFE plays a minor role in Cu–Mn alloys, the
strength of the alloy increases without decreasing SFE and the UE
increases simultaneously. The structural investigation of NC Cu–
Mn alloys with different Mn contents reveals that the Mn content
induced grain size decreasing but dislocation density increasing.
The strength of Cu–Mn alloys is due to contributions from solid
solution strengthening and defect dislocation strengthening. The
higher ductility of the Cu–Mn alloys is derived from its higher
working hardening rate, which may be caused by its SRO.
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