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Effects of Strain Rate and Texture on the Tensile Behavior
 of Pre-strained NiCr Microwires
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Abstract: The stress–strain behavior and strain rate sensitivity of pre-strained Ni80Cr20 (Ni20Cr) 
were studied at strain rates from 4.8×10–4 s–1 to 1.1×10–1 s–1. Specimens were prepared through cold drawing 
with abnormal plastic deformation. The texture of the specimen was characterized using electron backscatter 
diffraction. Results revealed that the ultimate tensile strength and ductility of the pre-strained Ni20Cr 
microwires simultaneously increased with increasing strain rate. Twinning-induced negative strain rate 
sensitivity was discovered. Positive strain rate sensitivity was present in fracture flow stress, whereas negative 
strain rate sensitivity was detected in flow stress values of  s0.5% and s1%. Tensile test of the pre-strained Ni20Cr 
showed that twinning deformation predominated, whereas dislocation slip deformation dominated when 
twinning deformation reached saturation. The trends observed in the fractions of 2°-5°, 5°-15°, and 15°-180° 
grain boundaries confirmed that twinning deformation dominated the first stage. 

Key words:  tensile behavior; strain rate sensitivity; Ni20Cr; microstructure characterization; microwire

© Wuhan University of Technology and Springer-Verlag GmbH 
Germany, Part of Springer Nature 2018

(Received: Mar. 7, 2017; Accepted: Apr. 12, 2017)
ZHOU Xiuwen(周秀文):  Assoc. Res.;  Ph D; E-mail: 

xiuwenzhou@caep.cn
*Corresponding author: WU Weidong (吴卫东):Prof.; Ph D; 

E-mail: wuweidongding@163.com
Funded by the National Natural Science Foundation of China 

(No. 11135007)

DOI    https: //doi. org/10.1007/s11595-018-1845-4

1  Introduction

Production of bonding wires faces new challenges 
with the development of integrated circuit (IC) tech-
nology[1]. In addition, wire diameter must be decreased 
to meet the requirements of Z-pinch experiments and 
freezing engineering[2-6]. Cold drawing is an effective 
technology used to decrease wire diameter through ei-
ther a single- or multiple-step process. Pre-strain occurs 
from the first to the second pass and then continuously 
increases in consecutive passes. After reduction of wire 
diameter, grain size reaches the nanometer scale. Nano-
structures materials (ns) exhibit grain sizes smaller 
than 100 nm[7], whereas ultrafine crystalline materials 
demonstrate grain sizes between 100 μm and 1 μm[8,9]. 
Fabrication of ultra-fine wires requires an understand-
ing of the plastic behavior of metals because ductility is 
important in cold drawing.

In polycrystalline materials, orientation and size 
of individual grain play an important role in deforma-
tion[10,11]. External factors also affect the plastic defor-
mation mechanisms, such as strain rate[12-16], tempera-
ture[17-20], and forming technology. Numerous studies 
provide insights into the underlying mechanisms of 
plastic deformation. Researches also show that the ten-
sile strength and ductility of metals can be improved by 
increasing strain rate[16,21-23]. Ductility enhancement at 
high strain rates could be attributed to high work-hard-
ening rate. However, cryomilled ns 5083 Al alloy and 
ball-milled Cu exhibit an opposite behavior (i e, high 
ductility at low strain rates)[14]. This effect could be due 
to the diffusion-mediated stress relaxation[15].

Changes in strain rate are used to reveal the de-
formation mechanisms, but experimental data on strain 
rate sensitivity are insufficient. As such, further studies 
must be performed to elucidate possible relationships 
between the stress-strain behavior and the texture 
during plastic deformation because deformation texture 
depends on the active deformation modes. Moreover, 
systematic experimental data of strain rate dependence 
of tensile properties for different materials have yet to 
be obtained. Furthermore, the effect of strain rate on 
the tensile behavior of pre-strain materials must be de-
termined for multi-pass cold drawing.
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This paper aims to determine the effects of strain 
and texture on the strain rate sensitivity (SRS) in pre-
strained Ni80Cr20 (Ni20Cr) microwires through tensile 
tests at room temperature. Results showed that grains 
are inefficient for dislocation storage and strain hard-
ening and similar to coarse grain subjected to heavy 
cold work, such as equal channel angular pressing. The 
fabricated microwires are susceptible to plastic insta-
bilities, such as necking in tension. 

2  Experimental

This study used Ni20Cr microwires with face-cen-
tered cubic structure (fcc) and a chemical composition 
of Ni-20.037%Cr-1.037%Si-0.194%Mn-0.141%Fe-
0.101%Ti-0.087%Al-0.023%Cu (wt%). Specimens 
were prepared through cold drawing from as-received 
microwires with diameter of 25.6 µm via one pass. 
Engineering strains were about 8.8%, 17.3%, 26.4%, 
36.1%, and 46.6%, respectively.

The pre-strain specimens were deformed at strain 
rates of 4.8×10–4, 1.1×10–3, 1.1×10–2, and 0.83×10–1 s–1 
through tensile tests at room temperature, and the pa-
rameters are shown in Table 1. Both ends of the tensile 
specimen were held tightly by a clamp using a screw to 
adjust the degree of tightness in wedge-type grips at-
tached to the upper and lower pull rods of the machine. 
During the deformation, fracture positions frequently 
occurred near the clamp. By adjusting the degree of 
tightness, data of fracture positions as the central sec-
tion of the specimen were selected. At least five mi-
crowires of the same specimen were tested under each 
condition, and the average value was determined from 
each set of experimental data.

3  Results and discussion

3.1  Effects of tensile behavior and strain 
rate on ductility 

Fig.1 illustrates the stress-strain curves of pre-
strained Ni20Cr microwires tested at various strain 
rates. All results had not exonerated several existing 
extrinsic factors, such as residual stress, surface state, 
texture, and so on. Fig.1(a) demonstrates that the trends 
of stress-strain curves with different pre-strains were 
divided into five groups. Ultimate tensile strength (UTS) 
remarkably increased, whereas ductility decreased with 
increasing pre-strain. Each group contained four stress-
strain curves at different strain rates. Work-hardening 
behavior and ductility evidently differed among vari-
ous strain rates. Fig.1(b) shows that UTS exhibited a 
linear trend up to the pre-strain. The UTS of different 
pre-strains increased from 809 MPa to 1 192 MPa 
at the strain rate of 4.8×10–4 s–1. When the strain rate 
increased to 0.83×10–1 s–1, the UTS of different pre-
strains increased from 854 to 1 205 MPa. Under the 
same strain rate and different pre-strain conditions, the 
UTS increments are approximately 383 MPa and 351 
MPa respectively. As well as under the same pre-strain 
and different strain rate conditions, the UTS increments 
are approximately 30 to 48 MPa. Comparison of these 
results reveals that the effect of pre-strain on the UTS 

Table 1 Strain rate parameters of tensile test

Tensile velocity/(mm/min) Gauge length/mm Strain rate/s-1

1.3 *197 1.1×10-4

1.3 45 4.8×10-4

1.3 20 1.1×10-3

13 20 1.1×10-2

*130 20 1.1×10-1

100 20 0.83×10-1

*: The maximum of gauge length and tensile velocity are 50 mm and 100 
mm/min in our testing machine, respectively. So gauge length and tensile 
velocity of 45 mm and 100 mm/min were adopted

Fig.1  Stress-strain curves for pre-strains Ni20Cr microwires
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is greater than the impact of strain rate. A similar trend 
was reported in the Refs.[24,25].

The high strength of the specimen may be at-
tributed to factors such as cellular refinement as a 
function of plastic strain, dislocation-line tension, and 
geometry of dislocation glide[26]. The dependence of 
strengthening on cellular refinement may be affected by 
the linear intercept between cell walls on the transverse 
section. Grain size strengthening follows the Hall-Petch 
effect, which is a linear law. The increment of elastic 

modulus was also considered because of the deforma-
tion texture behavior. The [001] texture increased the 
elastic modulus, which can be predicted using texture 
information[10].

Variations in fracture strain in the pre-strained 
Ni20Cr specimen were plotted as a function of strain 
rate as shown in Fig.2. The ductility of the Ni20Cr 
specimen increased at high strain rates. The strain rate 
dependence of fracture strain in the pre-strain specimen 
demonstrated a nonlinear increasing trend, especially 
at low rates. The phenomenon in the as-received spec-
imen is similar to that in the pre-strained specimen. 
However, the enhanced ductility is a real abnormal 
phenomenon in different pre-strained specimens and 
significantly contributed to the deformation history. The 
fracture strains increased when strain rates increased 
from 4.8×10–4 s–1 to 1.1×10–3 s–1 in all pre-strained 
specimens and then increased slowly when strain rates 
increased from 1.1×10–3 s–1 to 0.83×10–1 s–1. 

The strain rate dependence of ductility shows 
similar strain rate dependence as in the ns Cu[24]. But 
it differs from that observed in ball-milled Cu[27] and 
cryomilled ns 5 083 Al alloy[14], in which fracture strain 
slightly decreases at high strain rates. Molecular dy-

Fig.3  Flow stress versus strain rate for pre-strains Ni20Cr microwires

Fig.2  Elongation versus strain rate for pre-strains Ni20Cr mi-
crowires
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namic simulations of mechanical deformation of ns 
Cu and ns Ni suggested that the grain boundary atoms 
are involved in plastic deformation up to 7-10 lattice 
parameters[24,28-29]. The material near the grain bound-
aries is easier to deform, and the associated deforma-
tion mechanisms tend to be rate sensitive. Pre-strained 
Ni20Cr exhibited positive SRS in fracture strain, lead-
ing to increased ductility. Schwaiger studied the SRS 
of ns Ni at real strain rates and proposed the concept of 
grain-boundary affected zone[30]. This zone explains the 
effect of strain rate on increasing ductility. By contrast, 
fcc Ni20Cr possessed low stacking fault energy. Form-
ing ns sub-grains with increasing strain rate is difficult 
because the grain boundary of sub-grains unbalances 
the movement of dislocation. The need for consistent 
deformation decreased to accelerate the movement of 
dislocation, which benefits elongation enhancement.
3.2  Effect of strain rate on flow stress

Fig.3 summarizes the flow stress versus strain rate 
for pre-strained Ni20Cr microwires at strain rates from 
4.8×10– 4 s–1 to 0.83×10–1 s–1. Overall, the flow stresses 
with 0.5% plastic strain (s0.5%) and 1% plastic strain 
(s1.0%) decrease at higher strain rates, except for the 
s1.0% of pre-strain specimen with 46.4% strain. The Ds 
is defined as:

    Ds1.0%= s1.0%.high strain rate-s1.0%.low strain rate                

With increasing pre-strain, the value of Ds0.5% is 
in the range of -85 MPa to -161 MPa, and the Ds1.0% 

in the range of -89 MPa to -252 MPa. That is to say 
the flow stresses (with 0.5% and 1.0% plastic strain) of 
pre-strain Ni20Cr samples decrease with an increase of 
the strain rate. When the pre-strain increase, this phe-
nomenon is more obvious.

The effect of strain rate is similar to the result 

reported by Lu[24]. Lu has investigated the strain rate 
effect on the tensile behavior in ns copper. According 
to Fig.1 of the literature, the values of s1.0% and s0.5% 
decreased with an increase of the strain rate at the qua-
si-static condition (6×10-5 s-1 to 6×10-2 s-1). In which, 
the value of  s1.0% is about -38 MPa (decreased from 
122 MPa to 84 MPa) with an increment of strain rate. 
So, the flow stress of the pre-strain Ni20Cr specimen 
exhibits the dependence on strain rate under the qua-
si-static condition.

According to the deformation theory and dislo-
cation dynamics, the  relationship can be expressed as 
follows:

             (1)

where, s is the force on the dislocation,  is the shear 
strain of one dislocation slipping distance, A is a con-
stant, r is the dislocation density, b is the Burger vec-
tor, and m' is the sensitivity coefficient of dislocation 
movement. From the formula, the flow stress behavior 
can be clarified reasonably. Only if m' is a negative val-
ue, flow stress will decrease with the increase of strain 
rate. When the material state is determined, formula (1) 
can be simplified as:

                                    (2)

where, M is the strain rate coefficient. So:

                                       (3)

The strain rate coefficient for the ns Cu sample 
is calculated by formula (1), as shown in the Ref.[24]. 
From the measurement data, the strain rate coefficient 

Fig.4 Variations of strain rate coefficient for pre-strains Ni20Cr microwires and deformation twin of the specimen with engineering strain 
36.1% in the TD cross-section
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Fig.5 Grain orientations and textures of TD cross-section for different pre-strain Ni20Cr microwires: (a)0% ; (b)8.8%;  (c)26.4%;  (d)46.4%

for the Ni20Cr sample may be calculated by the same 
formula, as shown in Fig.4. The strain rate coefficient 
changes from negative SRS to positive SRS with in-
creasing strain (the relative values of all specimens 
will be reported in another paper). When the strain 
exceeds a certain value, the strain rate coefficients of 
all pre-strain samples are positive. For example, the 
certain strain of pre-strain sample with 36.1% strain 
is about 2.5%. It is clear that fracture strain is greater 
than the critical strain. The UTS increases slightly with 
increasing strain rate. So, the fracture flow behavior 
of the samples did not change substantially during the 
tensile test at room temperature. That is to say, disloca-
tion activities may dominate the plastic deformation of 
Ni20Cr near the fracture strain during the tensile tests. 
However, the flow behavior (s0.5% and s1.0%) exhibited 
negative SRS, indicating that different plastic deforma-
tion mechanisms exist in initial strain zone.

Chun reported twinning-induced negative SRS in 
wrought Mg alloy[31]. In the research, specimens were 

prepared from strongly textured AZ31 plate consisted 
of isometric grains with an average grain size of 30 µm. 
Dynamic strain aging was excluded as a possible cause 
of negative SRS, whereas transition from negative SRS 
to positive SRS was considered, where twinning was 
saturated. Then, the alloy exhibited positive SRS at 
strains where slip dominated the deformation. The pre-
strained Ni20Cr sample was characterized by a defor-
mation microstructure[32], where the density of disloca-
tions reached an extremely high level. The dislocation 
density in the wire cross-section (TD cross-section) 
with pre-strain of 46.6% was approximately 2.1×1016, 
estimated by the high-resolution transmission electron 
microscopic images. Twinning deformation microstruc-
tures were noted in the TD cross-section as shown in 
Fig.4(b), and it was observed in the cross-section of the 
drawn direction (DD cross-section) in specimens with 
pre-strain of 36.1% and 46.6%. The accepted reason 
for the negative SRS at high strain rates is twinning-in-
duced negative SRS, similar to that of wrought Mg al-



464 Vol.33 No.2 ZHOU Xiuwen et al: Effects of Strain Rate and Texture on the Tensile Behav...

loy. Therefore, twinning deformation dominates the ini-
tial deformation stage in the pre-strain Ni20Cr tensile 
test. When twinning deformation reaches saturation, 
dislocation slip deformation dominates. 
3.3  Relationship between texture and plastic 

deformation mechanisms
The orientation evolution of individual grain was 

characterized by electron backscatter diffraction anal-
ysis. Fig.5 illustrates the grain orientation and texture 
of TD cross-section for different pre-strained Ni20Cr 
microwires (upper right illustrations for the orientation, 
lower right illustration for [001] inverse pole figure). 
The relative strength color mark increased from 3.99 to 
16 with increasing pre-strain. Strong textures of [001] 
and [111] directions, which are parallel to the drawn 
direction of wire, increased. Before pre-strain, a certain 
degree of [001] texture existed. After pre-strain, tex-
tures of [001] and [111] directions obviously increased, 
especially the latter. 

Fig.6 demonstrates the fraction and length of 
different grain boundaries in TD cross-section for dif-
ferent pre-strained Ni20Cr microwires. From Fig.6 
(a), the fraction of 5°-15° grain boundaries linearly 
increased with increasing pre-strain. The fraction of 
15°-180° grain boundaries nonlinearly increased first 
and then decreased, different from 2°-5° grain bound-
aries. Twinning deformation produced large angle grain 
boundaries. Thus, changes in the fraction of 15°-180° 
grain boundaries induced twinning deformation. The 
trend confirmed that twinning deformation dominat-
ed. When twinning deformation reached saturation, 
dislocation slip deformation dominated. The fraction 
of 2°-5° and 5°-15° grain boundaries changed along 
with dislocation slip. The lowest fraction of 2°-5° grain 
boundaries appeared in a pre-strain of approximately 
26.4%. Twinning deformation consumes 2°-5° grain 
boundaries. Upon termination of twinning deformation, 
the dislocation slip leads to substructure formation and 

lattice distortion. Consequently, the fraction of 2°-5° 
and 5°-15° grain boundaries increased. Moreover, 2°-5° 
grain boundaries induced lattice distortion, and 5°-15° 
grain boundaries favored substructure.

Fig.6(b) shows that the total number and length 
of grain boundaries nonlinearly decreased first and 
then increased. The lowest value appeared in pre-strain 
of approximately 26.4%. Afterward, internal stress 
increased and induced grain “fragmentation”; and the 
grain boundaries subsequently increased. Twinning 
deformation consumed 2°-5° grain boundaries, leading 
to a decrease in the total number and length of grain 
boundaries. Upon termination of twinning deformation, 
the dislocation slip led to substructure formation and 
lattice distortion. The total number and length of grain 
boundaries increased.

4  Conclusions

In summary, pre-strained Ni20Cr microwires 
exhibited positive SRS in fracture flow stress and neg-
ative SRS in flow stress s0.5% and s1.0%. Fracture strain 
(ductility) and UTS simultaneously increased signifi-
cantly at high strain rates (from 4.8 × 10–4 to 1.1 × 10–1 
s–1), exhibiting positive SRS. Twinning-induced neg-
ative SRS was discovered in pre-strained Ni20Cr mi-
crowires. In pre-strained Ni20Cr tensile test, twinning 
deformation dominated the initial deformation stage. 
When twinning deformation reached saturation, dis-
location slip deformation dominated. The trend of the 
fractions of 2°-5°, 5°-15°, and 15°-180° grain boundar-
ies confirmed the transition process.
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