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Individual strain gradient effect on torsional strength of electropolished
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Torsion experiments on copperwireswith different diameters but the samegrain size are performed to figure out
the individual contribution of plastic strain gradient to size effect. The samples are prepared by electropolishing
the wires with an initial diameter of 50 μm at room temperature for different time periods. A significant strain
gradient effect is confirmed in wire torsion. Tensile results on the same wires verify that the tensile strength is
not significantly affected by the diameters. The Fleck-Hutchinson strain gradient plasticity theory is employed
to analyze the torsional responses, giving a material length scale of about 3 μm.
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1. Introduction

Experiments on materials at small scales show size effect, manifest-
ing the strength is enhanced with decreasing the sample dimension or
the stressed volume [1,2]. Generally, the strain gradient strengthening
as a consequence of non-uniform deformation, the grain size effect
(i.e. the Hall-Petch effect) caused by internal obstacles to dislocation
motion, and the size effect due to geometrical limitations of external di-
mension are primarily the most common mechanical size effects ob-
served in experiments. Examples of these experiments include wire
torsion [3–8], foil bending [9,10], micro- and nano-indentation [11–
14], and compression or tension of micro- and nano-pillars [15–17],
etc. In addition, pioneering works by Hall [18] and Petch [19] on iron
and steel materials have led to a relation, referred to Hall-Petch effect,
between the yield strength of metals and the grain size. That is
σy∝d−1/2, where d is the grain size. An inverse Hall-Petch effect has
also been observed in uniaxial tensile tests on 30-50 nmthick freestand-
ing aluminum films [20]. Recent tensile experiments on thin metal
wires show that the Hall-Petch relation still holds at the micron scale
[21–23]. In fact, the grain size effect and the strain gradient effect are
not independent, they are often observed to superimpose each other
[3,23,24]. For example, in the wire torsion performed by Fleck et al.
[3], the interaction between theHall-Petch effect and strain-gradient ef-
fectmust exist since the larger diameterwires have the larger grain size.
To date, only a few studies have been devoted to unraveling such an in-
teraction [10,23,24].

The main aim of this paper is to separate the strain-gradient effect
from theHall-Petch effect by using the experimental data on the torsion
and tension of thin copper wires. As indicated by Gan et al. [23], one of
challenges to do so is how to prepare wires with the same grain size
while varying the diameter. Several methods for controlling grain size
or reducing cross-section of thinmetalwires have been developed in lit-
erature. For example, Yang et al. [22] used the electropolishing tech-
nique to reduce the cross-section of copper wires in a commercial
electrolyte under a potential of 30 V for several seconds to obtain the
samples with the same grain size. Chen and Ngan [21] etched Ag
wires with an initial diameter of about 52 μm by nitric acid for different
time periods to thin the diameter. More recently, Gan et al. [23] and Liu
et al. [25] prepared the quasi-single-crystal Auwires for torsion and ten-
sion tests by annealing thewires at 750 °C for about 12 h. They conclud-
ed that, in the absence of grain size effect, the elevation of the torsional
yield strength is considered to be result from the plastic strain gradient.
However, the grain size cannot be controlled precisely by using the heat
treatment. So, it is hard to guarantee that the grain size is completely
consistent for the samples with different diameters. Compared with
the heat treatment, the electropolishing is a better method to keep the
microstructure and the grain size unchangeable since it only polishes
the wire surface.

In this paper, we devote tofiguring out the size effect individually in-
duced by plastic strain gradients in wire torsion. To that end, we per-
formed torsion tests on the copper wires with different diameters but
with the same grain size. Besides, different experimental phenomena,
e.g., constant tensile strength [22] or elevated tensile strength [21]
with decreasing the sample dimension, have been observed in tension
tests on thin mental wires. Thus, tension tests on the same samples
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are also conducted to study the influence of the sample dimension on
the tensile strength. Finally, the Fleck-Hutchinson strain gradient plas-
ticity (SGP) theory [3,26] is employed to analyze the observed size
effect.

Here, the electropolishing is used for smoothing and reducing the
cross-section of copper wires. The equipment for electropolishing is
shown in Fig. 1. A stainless steel frame with the four long rods and the
eighteen short ones serves as the anode plate. These rods are arranged
symmetrically at the right and left sides of the frame (see Fig. 1). Copper
wires of length about 100 mm are winded on these rods from left to
right. The anode plate with copper wires is attached to a
polytetrafluoroethylene (PTFE) plate with a thickness of about 10 mm.
The other side of the PTFE plate is attached to a cathode plate made of
stainless steel with the long rod. During electropolishing, the whole
frame including both anode plate and cathode plate is immersed in an
electrolyte solution, but a section of the long rods in both anode and
cathode plates is out of the electrolyte. The electrolyte used here is mix-
ture of alcohol and phosphate (H3PO4:C2H5O = 9:1 solution). The four
long rods in the anode plate are connected to the positive terminal of
a DC power supply, while the negative terminal is attached to the long
rod of the cathode plate. A constant current of 3.30A passes from the
anode, where copper on the surface of the wires is oxidized and dis-
solved in the electrolyte, to the cathode. At the cathode, a reduction re-
action occurs, which produces hydrogen. The as-received
polycrystalline copper wires with an initial diameter of about 50 μm
were electropolished at room temperature for different time periods
to obtain samples with different diameters but the same grain size.
Then, the diameter, surface andmicrostructure of thewires were exam-
ined by a Scanning Electron Microscope (SEM), as shown in Fig. 2. One
can see that the diameter of thewire is uniform along the sample length.
The scatter for each wire diameter is within 0.5 μm. In order to deter-
mine the grain size precisely, the electropolished wires were cut
through cross-section by Focused Iron Beam (FIB) in a Quanta 3D Dual
Beamsystem. It is found that the average grain size of thewireswith dif-
ferent diameters keeps a constant value of about 3.72 μm, implying that
the electropolishing does not change the microstructure. Therefore, by
testing these wires, one can determine the strain-gradient effect indi-
vidually. The competition between the strain gradient effect and the
Hall-Petch effect has been studied in our other works [23].

In order to study the influence of wire diameter on the tensile
strength, the tensile experiments on the same samples were conducted
by employing amicro-tensile apparatus [5,25]. All testswere carried out
with a 10 mm gauge length at a strain rate below 0.3×10−3/s at room
temperature. For each diameter of wire, we performed at least five

tests. Each response was obtained by averaging the experimental data
of these specimens. The true strain-stress curves of the electropolished
copper wires are depicted in Fig. 3(a). Since these wire samples have
the same grain size, the Hall-Petch effect is eliminated. Contrary to the
conclusion that the tensile strength increases with decreasing diameter
drawn by Chen and Ngan [21], we find that the yield strength of the
wires with different diameters is almost the same. This conclusion coin-
cides with that given by Yang et al. [22]. From Fig. 3(a), one can see that
the plastic flow stress slightly elevates with increasing the diameter of
wires. Such a trend is similar to that observed by Stölken and Evans
[9] on thin annealed foils. However, the reason for the decrease in
flow stress with decreasing wire diameter is not well understood. It
may result from the existence of defects on the wire surface introduced
by the electropolishing. The smaller is thewire diameter, the stronger is
the influence of the defects on the flow stress.

To figure out the strain gradient effect individually, torsion experi-
ments on copper wires with different diameters but the same grain
size were also performed by an automated torsion tester [6,25]. Follow-
ing Fleck et al. [3], we present the torsional data in the form of normal-
ized torque Q/a3 versus surface shear strain κa. Here, Q denotes the
torque, a thewire radius and κ the twist per unit length. The normalized
torque-twist curves for the electropolished copper wires are shown in
Fig. 3(b). It is found that the normalized torque in both the initial yield-
ing and the plastic range exhibits a significant size effect, which is obvi-
ously elevated with decreasing the diameter of wires. For instance,
when κa=0.01, the value of Q/a3 for 2a=20μm is approximately 1.9
times that of 2a=50μm. This means that the strain-gradient strength-
ening plays an increasingly dominant role with decreasing wire diame-
ter. As we mentioned above, the tensile flow stress slightly increases as
the wire diameter increases (see Fig. 3(a)). Based on this consideration,
the strain gradient effect in wire torsion is substantially significant. It is
noteworthy that since the Hall-Petch effect is absent, the size effect in
both the initial yielding and the plastic range of torsional response is
mainly due to the strain-gradient strengthening.

The formalisms as well as the notion of strain gradient plasticity in-
troduced by Fleck andHutchinson [3,26] are used to account for the size
effects observed in the wire torsion. The relation between the normal-
ized torque Q/a3 and the surface shear strain κa based on the Fleck-
Hutchinson SGP theory has been derived by Fleck et al. [3], i.e.
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where Σ0 denotes the reference stress in the absence of strain gradient,
N represents a strain-hardening exponent, and l is a material length
scale associated with the material microstructures, such as the mean
free path of dislocations [27]. The values of Σ0 and N are determined
by fitting the tensile data for each diameter in Fig. 3(a) with the form

σ ¼ Σ0εN ð2Þ

After obtaining the values of Σ0 andN, thematerial length scale l can
be obtained by fitting Eq. (1) to the torsional data in Fig. 3(b). The com-
parison between the theoretical predictions and the experimental data
is depicted in Fig. 4. Here, we use Σ0=290−299MPa, N=0.21−0.28
and l=3 μm. For themagnitude of thematerial length scale for copper,
Fleck et al. [3] estimated that l=2.6−5.1μm with a mean value of
3.7 μm, and Liu et al. [6] gave l=2.05−4.02μm, which are essentially
consistent with our results. It is believed that the material length scale
in SGP theory can be considered by itself as an internal variable
representing the dislocation cell structure and grain size [27]. A non-
fixed material length scale has been adopted elsewhere [6,27–30]
which indicates that it depends on the microstructure evolution during
deformation. Here, a fixedmaterial length scale is used sincewe assume
that the electropolishing would not change the internal microstructure

Fig. 1. Schematic diagram of the apparatus for electropolishing the copper wires. During
electropolishing, the whole setup is immersed in an electrolyte solution, with the four
long rods in the anode plate being connected to the positive terminal of a DC power
supply and the long rod in the cathode plate being connected to the negative terminal.
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