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Cu-Zn alloy is an advanced material, but its deformation twinning mechanism still keeps unknown so

far, especially the couple effects of temperature and strain rate. In this paper, a theoretical model of

Cu-Zn alloy is proposed by considering the coupled effects of strain rate and temperature. The model

can predict the experimentally observed tendency of the spacing evolution of twin boundary (TB)

accurately, and it is known that low temperature and high strain rate will promote deformation

twinning. Moreover, deformation twining is more susceptible to low temperature than to high strain

rate, and TB spacing and twin layer thickness will decrease with high strain rate and low

temperature.
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Introduction. Cu-Zn alloy is an advanced material, but its deformation twinning

mechanism still keeps unknown so far, especially the couple effects of temperature and

strain rate. Deformation twinning has been investigated in many materials as an important

plastic deformation mode because of its special deformation mechanism [1–4]. The

strengthening effect of coherent twin boundary can hinder the motion of dislocations to

improve the intension of the material in accordance by grain boundary [5]. Recently, the

impact strength of nanoscale twins can be up to 1 GPa when each grain is introduced by a

high density of coherent growth TBs [6]. Meanwhile, the maximum strength will appear

when the twin-boundary space reaches � � 15 nm, and the strength will decrease when �
continues to shrink less than 15 nm [7]. The factors, such as strain rate and temperature, are

considered to affect deformation twinning [5–8], and it is widely known that high strain

rate and low temperature can lead the growth of the twins. The effect of strain rate and

temperature on deformation twinning in coarse-grained fcc metals and alloys had been

summarized by Christian and Mahajan [1]. The observation of CG-Cu (coarse crystal-Cu)

twins will not appear moderating strain level at a very high strain rate or low temperature

under RT quasi-static deformation, which has been shown in many experiments [8–11].

Based on the above investigations, we can see that the temperature and strain rate can

promote twinning, which has a great influence on the property of a certain material.

However, the coupled effect of strain rate and temperature on deformation twinning in fcc

materials is still unknown so far. Twin boundaries and grain boundaries improve the flow

stress of the materials, and the flow stress will increase with the decrease of TB space

before reaching a critical size. Twin growth seems like a insert process when the

temperature and strain rate is range [12]. This paper aims to build a theoretical model for

Cu-Zn alloy, which determines how the deformation twins (DT) are generated by tensile

deformation and how they grow with the change of strain rate and temperature. In addition,

the theoretical model will analyze the role of DTs on the mechanical behaviors of the

material.
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1. Theoretical Model.

1.1. Deformation Mechanism of Cu70-Zn30. Slip and twinning are the major modes

for metal-plastic deformation, and it is closely related to the stacking fault energy (SFE) of

a certain material. In Cu-Zn alloy, when the content of Zn increases gradually from 0 to

30%, the SFE of the alloy will decrease gradually from 80 to 14 mJ/m2 [13]. In this

research, Cu70-Zn30 which owns a low SFE is easy to form a stacking fault. Meanwhile,

the material owns a large number of twins at room temperature, and the twinning

deformation is the main deformation mechanism of Cu70-Zn30.

1.2. The Flow Stress of Cu70-Zn30. The flow stress of the metal mainly attributed to

impeding of internal barriers to the motion of dislocations. According to the scope of the

obstacle, the flow stress is divided into short-range and long-range stress. The short-range

stress can be modified by thermal activation movement, and it will increase when

temperature declines or strain rate increases. The barriers of long-range stress contain grain

boundaries, twin boundaries and other microstructure which mainly relates to strain [14].

The flow stress of the material � can be expressed as

� � � � � � �( , � , ) ( , � , ) ,*T T a� � (1)

where � a is the long-range stress (thermal stress) of the resistance to the dislocation

motion and �* is the short-range stress (activation stress). Due to thermal activation stress

is affected by temperature strain and strain rate, Johnson–Cook equation is adopted [15].

� � � �� � � �[ ][ ln ][ ] ,* *
0 1 1B C Tn m
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where � is the strain, T
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�
T is the absolute temperature, Tm is melting

temperature of the material, Tr is the reference temperature taking the value of 77 K in

this paper, � � �*
� � ,� 0 where the reference strain rate ��0 is 0.001 s�1, and � 0 , B and n

are the material constants; C and m represent the coefficient of strain rate hardening and

thermal softening exponent.

The thermal stress will adopt the power strengthening law in [14]. The long-range

stress �a can be taken as a function of the plastic strain, that is

� � 	a a
n� 0 1 . (3)

There are no related experiments to give the values of �0
a and n1, setting �0 380a � MPa

and n1 � 0.4, which refers to the tensile unloading experiment about OFHC Cu (oxygen-

free high conductivity copper) [14] and CG-Cu tensile test [16]. Using the relationship

between the normal and shear stress through the Taylor factor M, that is � �a aM� ,
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The flow stress combined with Eqs. (2) and (4) can be expressed as
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1.3. The Local Stress and the Strain Hardening Role of Deformation Twins. The

plastic deformation mechanism is related to the SFE value of a certain material. Cu70-Zn30

has a large sum of deformation twins at room temperature, so the major plastic deformation

mechanism is deformation twinning. Twin boundary can hinder the motion of dislocations.

With the purpose of investigating the evolution of deformation twinning at different

deformation conditions, it is necessary to describe the diagram of schematic structure about

twins. Twin lamellae and matrix lamellae (twin space) which are divided by crystallographic

plane form a three-dimensional twin grain. In this paper, the thickness of twin layer is

defined as and the neighboring TB spacing is defined as �.

1.3.1. Local Stress. Basis for Taylor dislocation hardening model [17], for fcc

materials, the stress is caused by dislocation increases with the increasing of dislocation

density �,

� � �0 � M Gb , (6)

where M is the Taylor orientation factor, for fcc metals M � 3.06, b is the Burgers vector

magnitude, � is the empirical material constant, and G is the shear modulus. For equally

distributed dislocation, the average spacing �L between the two connected barriers and the

dislocation density � are satisfied with the equation �L� �� 1 2/ , will be instead of in this

paper, therefore

� � �0 � M Gb . (7)

1.3.2. The Strain Hardening Role of DTs. The DTs which have a strain hardening

mechanism are effected by the flow stress and the strain. The twin boundary and grain

boundary can hinder the movement of dislocation, also, the grain size can improve the

strain hardening. The schematic illustration of strain hardening about DTs is shown in

Fig. 1.

The formula of the strain hardening about DTs can be written in

�� �� �KT
1 2/ , (8)

where KT is H–P slope for twinning and � is the average distance between the

neighboring twin layers (TB spacing).

The total flow stress also can be obtained by combining Eqs. (7) and (8), that is

� � � �� � �M Gb KT
1 2/ . (9)

Fig. 1. Schematic illustration of strain hardening about DTs.
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This leads to
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2. Results and Discussion.

2.1. Comparisons with Experimental Results. In this study, we carried the numerical

simulation and the constitutive model is validated by the results. The results about twin

spacing evolution under uniaxial compression were taken from Xiao et al. [16]. The

samples were subjected to dynamic plastic deformation at a liquid nitrogen temperature

(LNT-DPD). The corresponding prediction by the theoretical model is plotted in Fig. 2

together with the extracted experimental data. The parameters is used to calculate Eq. (10)

for Cu70-Zn30 which are summarized in Table 1. It can be seen that the predicted results

about twin spacing evolution under uniaxial tensile are suitable for experimental points.

The twin spacing will decrease when strain increases. The strain is defined as �� ln( )L L f0 ,

in which L0 and L f are the original and final thickness of the deformed sample.

T a b l e 1

Parameters Used in Calculation in Eq. (10)

Parameter Notation Value Reference

H–P slope for twinning KT 0.31 MN/m3/ 2 [18]

Empirical material constant � 0.2–0.5 [19]

Burgers vector b 0.256 nm [20]

Taylor orientation factor for fcc metal M 3.06 [21]

Shear modulus G 37 GPa [20]

Yield stress �0 112 MPa [15]

Strain hardening exponent n 0.42 [15]

Coefficient of strain hardening B 505 MPa [15]

Coefficient of strain rate hardening C 0.009 [15]

Melting temperature Tm 1189 K [15]

Thermal softening exponent m 1.68 [15]

Fig. 2. Comparison between the calculated and experimental TB spacing–strain curve under dynamic

plastic deformation at a liquid nitrogen temperature.
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2.2. The Evolution of Twin Layer Thickness. According to the relationship between

TB spacing � and average twin lamellae thickness t by Karaman et al. [22]:

1 1

2 1�
�

�t

f

f
, (11)

where f is the volume fraction of twinned region. Further, we can get:

t

f

�
�

�

2

1

1
1

. (12)

It is well known that low temperature and high strain rate can promote deformation

twinning. The value of f will rises when temperature shrinks and strain rate increases. So

the thickness of twin layer will decrease when TB spacing decreases. In the history of

deformation, dislocations are hindered by TBs. When the deformation process continues,

dislocations start to pile up and produce a stress concentration. With strain increasing,

dislocation accumulation in the twin boundary leads to stress concentration. The magnitude

of stress concentration is affected by the dislocation accumulation. As the twin spacing �
and twin layer t decreases with increasing strain, fewer dislocations are expected to pile

up. It means a higher external stress is required for the dislocations to cross TBs, so smaller

thickness of twin layer and TB spacing make a significant contribution to the flow stress of

fcc metal.

2.3. Temperature Effect of Deformation Twinning. Figure 3 shows the dependence

of TB spacing evolution on the temperature at different strain rates 1000 and 0.001 s�1. As

we can see, the TB spacing � decrease first with the decreasing of T within the range

between 77 and 1096 K. It can be attributed to the suppression of dislocations thermal

activation at a low temperature. Under low temperature, the dislocation motion is restrained

and the twinning becomes the dominant mechanism of plastic deformation. The temperature

rising �T during plastic deformation can be calculated by the equation �T
C

d
f� ��

�
� �

�

0

[23], in which the conversion factor � is usually taken as 0.9 (this implies that 10% of the

deformation is stored in the material), � is the density of Cu70-Zn30 (8.52 g/cm3) and C

is the heat capacity (385 J/kg K� ). With the process of plastic strain, the number of twins

and the twinned region in internal grain will increase. Large twins formed at the early stage

will break because of severe plastic deformation, that leads to the thickness of average twin

layer decrease. As continuous formation and growth of twins, the region which provides

the space for later twin formation and growth will not form twins and gradually diminish.

Then, the space forming twins reduced. Eventually, twins inside crystal will achieve

saturated state when twin spacing and twin layer thickness reach the same size.

2.4. The Strain Rate Effect of Deformation Twinning. From Fig. 4, the twin spacing

is decreasing with the increase of strain rate when the temperature T increase from 77 up

to 496 K, respectively, but the strain rate effect is not obvious. Three different TB spacing–

strain curves are nearly close under three different strain rate 1000, 1, and 0.001 s�1, it can

be seen that the influence of strain rate on deformation twinning can be ignored. Comparing

with Fig. 4a and 4b, it is obvious that the influence of temperature on deformation twinning

is much more sensitive to the influence of strain rate. The time of twin nucleation is mainly

affected by the strain rate, for which high-stress concentration is also needed. The higher

the strain rate, the faster the twin nucleation. Therefore, plastic deformation will be used to

reduce the time of twin nucleation. On the other hand, that the higher the strain rate, the

greater the number of twins, which can cause the reduction of the twin spacing.
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a

Fig. 3. The predictions for Cu70-Zn30 at 0.001 (a) and 1000 s�1 (b) strain rates and indicated

temperature: (1) T � 77 K, (2) T � 496 K, (3) T � 896 K, and (4) T �1096 K.

b

a b

Fig. 4. TB spacing evolves with different strain rates at 77 (a) and 496 K (b): (1) �� � 1000 s�1, (2)

�� � 1 s�1, and (3) �� � 0.001 s�1.

a
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2.5. Couple Effects of Strain Rates and Temperature on Deformation Twinning.

Figure 5 shows the couple effects of different strain rates and temperature on deformation

twinning at the different strain. It is clear that the TB spacing decreases with the increase of

strain rate and the decrease of temperature when the strain increase from 0.2 up to 1.6.

Also, it can be seen that the influence of temperature on deformation twinning is much

more sensitive than the influence of strain rate. In Fig. 5, when T � 1000 K, ��� 1000 s�1

the size of TB spacing reaches 14 nm that is close to the experimental results [16].

Combined with previous research, temperature and strain rate mainly affected the twin

nucleation and the growth of twins. The higher the strain rate is, the faster the twin

nucleation and the greater the number of twins.

Conclusions. In summary, a theoretical model which is used to validate the constitutive

model is build to quantitatively analyze the deformation twinning of Cu-Zn alloy, which

b

c

Fig. 5. Coupled effects of strain rates and temperature on deformation twinning when strain are 0.2

(a), 0.8 (b), and 1.6 (c).
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considers the coupled effects of strain rate and temperature. In this research, Cu70-Zn30

owns a large number of twins at room temperature, and the twinning deformation which is

affected by low temperature and high strain is the main deformation mechanism. It is well

known that the thickness of twin layer will decrease when TB spacing decreases. When the

deformation process begins, dislocations start to pile up against TBs and produce a stress

concentration. So, the smaller the TB spacing, the larger the flow stress. From the

theoretical model, it can be seen that keeping the strain rate is fixed, the TB spacing

decreases with temperature decreasing. In the same way, when the temperature is not

changed, the influence of strain rate on deformation twinning can be ignored, and the

higher the strain rate, the faster the twin nucleation. As the different strain rates and

temperature on deformation twinning at different strain, we know that temperature and

strain rate mainly affected the twin nucleation and the growth of twins, and the influence of

temperature on deformation twinning is much more sensitive to the influence of strain rate.

Above all, the main conclusions can be drawn that low temperature and high strain rate will

promote deformation twinning, and TB spacing will decrease with lower temperature and

higher strain rate. However, the role of strain rate on deformation twinning in Cu-Zn alloys

is less obvious than the temperature.
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