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A novel torsion apparatus for micro-scale specimens is developed based on electromagnetism, in
which a coil-magnet component is used for actuating and torque measuring. When the current gets
through the coil, the torque, produced by Ampere force, can be easily measured by recording the
current. A laser displacement sensor is applied to measure the rotation angle. The torque is cali-
brated using Sartorius BP211D balance. The calibration results demonstrate there is a perfect linear
relationship between the torque and the current. The torque capacity is 4.0 x 10~* N'm with noise-
floor of less than 10~% N'm. The rotation angle capacity is 60° with noise-floor of less than 0.02°.
Two sets of copper wire specimens, with diameter of 100 um and 140 pm, are tested using this
apparatus. Experimental results, with good resolution and repeatability, successfully demonstrate the
effectiveness of the torsion testing technique for micro-scale specimens. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894822]

I. INTRODUCTION

Torsion test is a smart and effective approach to in-
vestigate the mechanical properties of the nanocrystalline
metals,'”> metallic glasses,* coat/matrix interfaces,’”’ etc.,
because it can build pure shear stress conditions and the re-
sults have definite physical meanings. For macro-scale spec-
imens with diameter of 10° mm or more, torsion test can be
easily conducted by commercial torsion testing machine, such
as MTS Bionix EM torsion test system and INSTRON MT
Series Torsion Tester, etc. However, for micro-scale speci-
mens with diameter of 10~! mm or less, the involved torque
sharply drops to 107* N'm or even less, scaling with the
cube of specimen’s diameter. Commercial torsion testing ma-
chines, usually equipped with strain-gauged torque sensor, do
not have enough resolution for these tests.

Probably due to the lack of suitable instruments, until
now, relatively few techniques are developed for the torsion
tests on micro-scale specimens. The most cited experiment
was performed by Fleck er al® on polycrystalline copper
wires in 1994. Several glass filaments were adopted as the
torque sensors, which were calibrated by using a dead weight
and pulley arrangement. It is necessary to replace different
size glass filaments for different size specimens in order to
acquire sufficient torque resolution. Because the main objec-
tive of this paper is to depict the size effects caused by a faster
work hardening and not to show the torsion testing technique,
some important experimental details were not described, such
as the torque calibration process.

Until 2010, Lu and Song’ replicated the torsion test of
micro-scale wires following the same concept of torsion ex-
periments conducted by Fleck et al., but developed a new
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method to measure the rotation angle of micro-scale wires.
Slim glass filaments were adopted to measure the torque and
a laser displacement sensor is adopted to measure the rota-
tion angle. It is a significant promotion to the torsion tech-
nique because more experiment details were reported. How-
ever, the glass filament with capacity of about 0.2 x 1073 N'm
was calibrated by commercial torque sensor with capacity
of 0.5N m, which induced significant data scatter of up to
17%. Walter and Kraft'? also developed an AFM-based tor-
sion method with the aid of Zwick Z2.5 testing machine. Two
AFM-tips were used for the torque measurement through a
rigid cross-beam bonded to the specimen. For the torque cal-
ibration, a 50 um diameter tungsten filament was adopted
as the reference by assuming the tungsten wire being an
isotropic material of known shear modulus. This technique
has a good torque resolution, but the vertical misalignment
and the roughness of cross-beam may lead to an obvious data
fluctuation.!’ In 2011, load-unload technique was used by
Dunstan et al.'>'3 for studying the elastic limit and plastic
deformation of thin metal wires and thin foils under torsion,
tension, and bending. Plastic strain as low as 10~® can be mea-
sured accurately with the gauge length of specimen up to 1 m.
However, the true magnitude of the torque on thin wire was
not directly measured by means of this technique. In addi-
tion, Liu et al.'* reported a high-resolution torsion technique
on micro-scale copper wires based on an automated torsion
balance. The torque is measured by a tungsten filament with
diameter of 100 um, whose torsion constant was calibrated
by means of a torsional vibration method. It is a smart but in-
direct method because the nonlinear error of the relationship
between torque and rotation angle of tungsten filament cannot
be presented in detail.

Almost all the above techniques followed the similar con-
cept of macro-scale torsion testing machine, namely, a sensi-
tive elastic element was used as torque sensor. However, it is

© 2014 AIP Publishing LLC
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difficult to combine a perfect resolution with wide torque span
because the torque scales with the cube of specimen’s diame-
ter. For example, both Fleck® and Lu® had to replace different
size glass filaments for different size specimens in order to
acquire sufficient torque resolution. Moreover, the torque cal-
ibration methods were different from each other, which made
the comparability and traceability of the results worse.

In this study, we abandoned the above torque measuring
concept and developed a new technique based on electromag-
netism, with characteristics of perfect resolution and linearity,
to measure the tiny torque below 10~* N 'm. Finally, applica-
tions on micro-scale copper wires were presented to demon-
strate the effectiveness of this technique.

Il. TEST APPARATUS
A. Design principle

A new torsion apparatus for micro-scale specimens is de-
veloped based on electromagnetism, in which a coil placed in
a radial magnetic field is used for actuating and torque mea-
suring. The schematic diagram of the coil-magnet component
is illustrated in Fig. 1. There exists a radial magnetic field be-
tween the concentric located inner and the outer magnets. The
coil can rotate around the common central axis. When the cur-
rent gets through the coil, the raw torque, produced by Am-
pere force, can be easily measured according to the following
formula:

T.,,=Fw=BIllw=ClI, (1

raw

where F is Ampere force produced by one side of the coil, w
is the width of the coil frame, B is the magnetic flux density,
1 is the value of the current in wire, and / is the total length
of wire merged in magnetic field. If B is constant, C will be
a constant, which can be determined through the beforehand
calibration work. Consequently, the raw torque 7,,,, can be
easily measured by recording the current /.

In order to measure the rotation angle of the coil without
any influence on the torque measurement, LX500 laser dis-
placement sensor is applied. One fixed tape is pasted on the
body frame. The other movable tape is pasted on a thin plate,

Coil
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r~ Inner Magnet

Magnetic Field

= Outer Magnet

FIG. 1. Schematic diagram of the coil-magnet actuator.
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FIG. 2. Measuring principle of the raw rotation angle.

which is mounted on the coil frame. When the coil frame and
the thin plate rotate together, the distance between the two re-
flective tapes is measured by LX500 laser displacement sen-
sor, shown in Fig. 2. Consequently, the raw rotation angle of
the coil can be calculated according to the following formula:

L,—L, L—-1L,
0,,, = arctan — ) arctan — ) 2

where d is the distance from the rotation center to the laser
beam, L is the distance between the two tapes measured by
the laser displacement sensor, L, is the initial value of L, and
L, is the distance from the rotation center to the fixed tape.

B. Mechanical model

However, after all the above components were integrated
together to form the torsion apparatus, some puzzles pro-
duced. The wire must be led to a power and the coil must be
supported by a bearing. Subsequently, we found that the true
torque on specimen is not exactly the measured torque pro-
duced by Ampere force, and the rotation angle is not exactly
the measured rotation angle. Three problems are put forward,
i.e., stiffness of the lead wire, friction of the bearing, and stiff-
ness of the body frame. In order to illustrate these influences,
the mechanical model of the apparatus is shown in Fig. 3, sup-
posing all damps are ignored in static tests.

The true torque applied on specimen 7 and the true rota-
tion angle of specimen 6 can be written as

T=T, —T — f=Tu—K x04—f O
T
0= 9raw - ef = eraw - K_f (4)

From Egs. (1) to (4), we find that the measurement relia-
bility is influenced by the following four important problems.
First, the linear relationship 7,,, o< I is legal only if
the magnetic flux density B is constant. In fact, how much
does this linear relationship exist? Second, the stiffness of the
lead wire will influence the measurement of the torque on
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FIG. 3. Illustration of the torsion apparatus. (a) Structure diagram and (b)
mechanical model. J—rotational inertia of the movable mass, S—torsional
stiffness of the specimen, K,—torsional stiffness of the lead wire, f—friction
torque of the bearing, and Kf—torsional stiffness of the body frame.

specimen. In order to quantitatively eliminate the influence,
we assume that the stiffness of the lead wire is constant. What
is the truth? Third, the friction of the bearing will also influ-
ence the measurement of the torque on specimen. How much
is it? Fourth, the measurement of the specimen’s rotation an-
gle is influenced by the stiffness of the body frame. If the stiff-
ness of the body frame is much greater than the specimen’s,
the influence will be very small.

In order to obtain the true torque and rotation angle of
specimen according to Egs. (3) and (4), all these problems
mentioned above will be given a clear interpretation by the
following calibration work.

lll. CALIBRATION

The calibration work of torque was performed with the
aid of Sartorius BP211D analytical balance, with resolu-
tion/capacity of 0.01 mg/80 g. The torsion apparatus was
placed horizontally to drive a slim and rigid probe to press the
balance pan. The reading change of balance was transformed
to torque by taking the length of the slim probe into ac-
count. Consequently the torque and current relationship was
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FIG. 4. Relationship between the torque and current throughout the full ro-
tation angle capacity with intervals of 15°.

obtained by recording the driving current in the coil and the
reading change of balance.

The relationships of the torque and current were cali-
brated throughout the full rotation angle capacity with inter-
vals of 15°, shown in Fig. 4. A perfect linear relationship is
observed between the torque and current. All the five curves
coincide well and the nonlinearity is less than 1% through-
out the full torque capacity. This also confirms the assump-
tion that the magnetic flux density be constant. The torque
capacity is 4.0 x 10~* N'm, which is limited by the allowable
current in the coil.

The stiffness of the lead wire was calibrated by rotating
the coil without any external load. The average stiffness is
4.3 x 1078 N m/deg with nonlinearity of less than 0.5%. The
friction of the bearing is nearly a constant of 3.5 x 1078 Nm
at frequently used rotation speed. The stiffness of the body
frame was calibrated by rotating a rigid body specimen,
whose stiffness is assumed infinite. The result shows that the
stiffness of the body frame is 2.0 x 1073 N m/deg, which is
much greater than the specimens (<107 N m/deg).

Finally, the true torque and the rotation angle of speci-
men can be obtained after all these parameters being used in
Egs. (3) and (4).

Moreover, the noise-floor was calibrated in order to in-
spect the ability of the apparatus to measure the minimum
signals. The torque noise-floor is below 1078 N'm and the ro-
tation angle noise-floor is below 0.02°. The main technical
parameters are listed in Table 1.

TABLE I. Main technical parameters of this torsion apparatus.

Technical parameters Value

Torque (N m)

Capacity 40 x 1074
Noise-floor <1078
Rotation angle (deg)

Capacity 60
Noise-floor <0.02
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FIG. 5. Torque-rotation angle curves of wire specimens with diameter of (a)
100 pm and (b) 140 wm. For different size specimens, the micro-textures are
similar.

IV. APPLICATIONS

In order to verify the effectiveness of the apparatus, two
set of polycrystalline copper wires (99.9% purity) were tested,
with diameter of 100 um and 140 pm, respectively. The ex-
act diameter of each specimen is measured by using optical
microscope before torsion test.

The copper wire specimen was bonded on a hard paper-
board to avoid pre-deformation. One end of the paper-board
specimen was firmly mounted on the upper grip, while the
other end glued with a rigid rod was freely placed into the
fork of the movable grip. The gauge length was about 5.5 mm,
separately measured after the specimen being mounted. The
rod’s weight provided a slight and constant tension force, with
tension stress no more than 5% yield stress of the copper, to
avoid the wire specimen buckling during the test. Afterwards,
the paper-board was cut off and a small torsion load was grad-
ually applied on the wire specimen by increasing the current
in the coil. The strain rate at wire’s surface was of the or-
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FIG. 6. Relationship between shear stress and shear strain at surface of dif-
ferent size specimens. The average shear modulus is 28.8 GPa (£6%).

der of 10~* s~!. Both the raw torque and raw rotation angle
were recorded by computer. The true torque and rotation an-
gle of specimen can be calculated according to Egs. (3) and
(4), shown in Fig. 5. The micro-textures of different speci-
mens are similar, observed in SEM.

The shear stress at surface T and shear strain at surface y
can be calculated according to the following equations:

16T 5)
T=—,
w D3
6D
= 6
Y (6)

8

where D and L, are the diameter and gauge length of the wire
specimen, respectively.

For different size specimens, the curves of shear stress-
shear strain at surface present clear elastic-plastic behavior
with good coincidence, shown in Fig. 6. The average shear
modulus is 28.8 GPa (+£6%), calculated from the linearity
range of the curves. For different diameter specimens, no sig-
nificantly different mechanical properties are observed within
0.6% shear strain.

V. SUMMARY

In this paper, a torsion apparatus for micro-scale spec-
imens has been developed based on electromagnetism, in
which a coil placed in radial magnetic field is used for driv-
ing and torque measuring. A laser displacement sensor is used
for rotation angle measuring. The calibration results demon-
strate there is a perfect linear relationship between the torque
and the current. The torque capacity is 4.0 x 10~* N'm with
noise-floor of less than 10~ N'm. The rotation angle capacity
is 60° with noise-floor of less than 0.02°.

Two set of copper wire specimens, with diameter of
100 um and 140 pm, were tested using this torsion apparatus.
For different size specimens, the curves of shear stress-shear
strain at surface coincide well, with average shear modulus of
28.8 GPa (£6%). Experimental results, with good repeatabil-
ity, successfully demonstrate the effectiveness of the torsion
testing technique for micro-scale specimens.
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