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Abstract
The torsion number of drawn fine high carbon steel wires was measured through torsion testing. The angles between the scratches on
the tested wire surface and its longitudinal axis were measured. The shear strain calculated from torsion number γt, shear strain at
fractured point γf, and plastic shear strain γpc were evaluated. The following results were obtained. First, the shear strain distribution
homogenized; further, torsion number per unit lengthN, γt, and γpc increased when decreasing the difference between γf and γpc where
γpc subtracted from γf (=Δγfpc) > 0. Second, the external factors caused non-uniform shear strain distribution and reduction from the
potential maximum shear strain, even for the wire that was hardly affected by the internal factors. The difference of shear strain non-
uniformity caused a variation in reduction from the potential maximum shear strain. The internal factors included non-uniform
microstructure and existence of inclusions and voids. The external factors were caused by the testing machine and setting of the
sample. The potential maximum shear strain was obtained when the effects of internal and external factors were inhibited. Finally, two
evaluation methods of the potential maximum shear strain were suggested. One method identifies a sample with a smallΔγfpc, and a
large γpc whereΔγfpc > 0. This sample can be regarded as having the closest strain to the potential maximum shear strain. The other
method determines γpc whenΔγfpc is closest to 0. This value can be interpreted as plastic strain of the potential maximum shear strain.
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Abbreviations
ISO International Organization for Standardization
JIS Japanese Industrial Standards
SEM Scanning Electron Microscope

Nomenclature
a Coefficient of a function: γt = aγpi
d Diameter of the wire [mm]
h Distance between the intersections; intersection A of

the straight line (lA) along the outline of the wire and
the straight line (lE) vertical to the center line (lC) and
intersection B of the straight line (lA) along the out-
line of the wire and the straight line (lB) along the
scratch line of the wire surface through the intersec-
tion O of lC and lE on SEM image [μm]

hf Distance between the intersections; intersectionA of the
straight line (lAf) along the outline of the wire and the
straight line (lEf) vertical to the center line (lCf) and
intersection B of the straight line (lAf) along the outline
of the wire and the straight line (lBf) along the scratch
line of the wire surface through the intersection O of lCf
and lEf on SEM image at the fractured part [μm]

L Chuck distance between grippers [mm]
L* Dimensionless chuck distance
N Torsion number per unit length (= Nt/L) [mm−1]
Nt Torsion number until the wire fractures
Re Areal reduction for one pass [%]
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S Sectional area of the wire [mm2]
T Torque applied to the wire during torsion testing

[mN·m]
w Distance between the center line of the wire and the

straight line along the outline of the wire on SEM
image [μm]

wf Distance between the center line of the wire and the
straight line along the outline of the wire on SEM
image at fractured part [μm]

αBT Back-stress ratio (= σBT / σTS×100) [%]
Δγft Difference between shear strain measured from SEM

image at fractured point γf and shear strain calculated
from torsion number γt (= γf − γt)

Δγfpc Difference between shear strain measured from SEM
image at fractured point γf and calculated plastic
shear strain γpc (= γf − γpc)

ε Total drawing strain
Φ Rotation angle during torsion testing [°]
γ Shear strain measured from SEM image (Measured

shear strain)
γe Elastic shear strain
γf Shear strain measured from SEM image at fractured

point (Shear strain at fractured point)
γpc Calculated plastic shear strain
γpi Integrated plastic shear strain
γt Shear strain calculated from torsion number
σBT Back stress applied to the wire during wire drawing

[MPa]
σTS Tensile strength of the wire [MPa]
Subscript
n Pass number of wire drawing

Introduction

For lighter industrial material, smaller electron devices and
highly-functional materials, fabrication of high strength
wire is required. Recently, high carbon steel wires with a
diameter of 0.02 mm and a tensile strength of 7000 MPa
were experimentally fabricated on a laboratory scale [1] by
wire drawing process which is used to manufacture most of
the metal wires. The ductility of the wires decreases while
the wires become stronger through this process. The eval-
uation of ductility is vital because the decrease in ductility
is problematic when drawing the wire to make a finer and
stronger wire. The authors have studied the wire-drawing
method to improve the ductility of drawn high carbon steel
wires [2–4] and established a simple and reliable method of
measuring the ductility of a fine metal wire, acquired from
tensile testing [5]. However, the ductility is also evaluated
by the torsion testing method because metal wires are often
used to be twisted. In the torsion testing, the wire is twisted
until it fractures. The number of turns until the wire

fractures is called the torsion number, and it is used to
calculate shear strain on the surface of the wire (circumfer-
ential shear strain). The torsional formability is evaluated
based on the torsion number and fracture morphology. For
the high carbon steel wire, the fracture morphology is cat-
egorized in two types. One is the cross-sectional fractured
surface with a smooth, flat aspect. The other is delamina-
tion, characterized by the longitudinal splitting at the wire
surface during the early stages of plastic torsional defor-
mation [6]. The cross-sectional fractured surface is gener-
ally understood as shear fracture. Compared to the torque-
angle curve of the wire with a cross-sectional fractured
surface, the applied torque decreases in the early stages
of the torsion testing of a delaminated wire [7].

Several researchers have focused on delamination and
have proposed different mechanisms associated with this
morphological type [6–10]. For example, Bae et al. report-
ed that an array of voids adjacent to globular cementite
particles would constitute one of the possible origins of
the process of delamination and proposed the site for crack
propagation [8]. Lefever et al. indicated that small voids
(microcracks) were found within shear bands and that larg-
er defects were present at the shear band intersections.
Lefever et al. also reported that these defects constituted
the origin of delamination [9]. In this way, some re-
searchers have suggested that the inner defects of the wire
attributed to the origin of delamination. Conversely,
Tanaka et al. stated that delamination was a shear fracture
which was generated by the concentration of local defor-
mation during the torsion testing [10]. Lee et al. presented
that the increase in temperature during the wire drawing
process promoted the occurrence of delamination. Hence,
an isothermal pass schedule during the wire drawing pro-
cess was effective in preventing delamination [6]. Shimizu
et al. explained that the occurrence of delamination
depended on the parameter K, which was determined ac-
cording to the fiber texture, morphology of the ferrite layer,
strain aging, and residual stress. Thus, the decrease in the
volume fraction of the ferrite phase and the lamellar spac-
ing, and the changes from the circular fiber texture, were
helpful in preventing delamination [7].

Conversely, the torsion number is evaluated as a torsional
property of a drawn wire in manufacturing sites; however, a
high dispersion exists in the number [11]. There are few stud-
ies on torsional deformation and the torsion number. Suzuki
et al. reported that the wire twisted uniformly along the longi-
tudinal direction at the beginning of the torsion testing.
Subsequently, the wire began to twist non-uniformly along
the longitudinal direction after the spacing of the straight line,
drawn along the longitudinal direction of the wire in advance,
and reached a certain value [12]. According to the aforemen-
tioned work [12], it is expected that clarifying the torsional
deformation along the longitudinal direction of the wire could
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provide a reason for the variation in the torsion number. The
factors of non-uniform deformation are predicted as follows.
For a wire with a diameter of more than 1 mm, non-uniform
deformation in longitudinal direction is because of internal
factors, such as the deviation of microstructure in longitudinal
direction and existence of remarkable inclusions and voids.
Contrarily, for a fine wire with a scale of several tens to several
hundred-μm, it is probable that non-uniform deformation is
because of both internal and external factors. The external
factors are caused by the testing machine and setting of the
sample, such as the slight divergence between the chucked
wire axis and rotational axis of the torsion testing machine,
and slipping in the chuck. They cannot be detected visually. It
is predicted that the torsion number cannot be accurately mea-
sured because of external factors, even for the wire with uni-
form microstructure in the longitudinal direction. The shear
strain of the wire, which is hardly affected by the internal and
external factors, is defined as ‘potential maximum shear
strain’. A method for measuring potential maximum shear
strain is required. Therefore, there are two objectives of this
study. First is to clarify the phenomena of torsional deforma-
tion along the longitudinal direction of a fine wire, the rela-
tionship between torsional deformation in the longitudinal di-
rection and torsion number, and the substance of torsion num-
ber variation. Second is to propose methods that evaluate the
potential maximum shear strain of the wire.

Experimental Procedures

Starting Materials

The starting materials were patented pearlitic steel wires with a
diameter of 0.444 mm and were comprised of 0.98% carbon,
provided by Nippon Steel SG Wire Co., Ltd. The chemical
compositions of the wires, as represented in Table 1, were
measured based on Japanese Industrial Standards (JIS)
G1211 [13], G1212 [14], and G1258 [15]. These refer to the
quantitative analysis of C, Si, and other elements, respectively.

Wire Drawing

In this study, the definitions of the areal reduction for one pass
Ren and the back-stress ratio αBTn were same as those defini-
tions in our previous study, as shown in equations (1) and (2).
The parameter Sn is the sectional area of the wire. The param-
eter σBTn is the back stress applied to the wire. The parameter

σTSn-1 is the tensile strength of the wire. The subscript nmeans
pass number.

Ren ¼ Sn−1−Sn
Sn−1

� 100 ð1Þ

αBTn ¼ σBTn

σTSn−1
� 100 ð2Þ

In this study, the wires were drawn under low back
tension condition which indicated 1 N for wires with a
diameter larger than 0.296 mm and 0.5 N for wires smaller
than this diameter.

A wet-type non-slip type drawing machine (Factory
Automation Electronics Inc., D3ULT-5D), in which wire
can be drawn continually in five passes, was used in this
study. The wires of diameter 0.444 mm were drawn to
0.060 mm under an areal reduction Re of 14% and a
back-stress ratio αBT of 5%. The die half-angle was 7°
and the bearing length was 30% of the internal diameter
of the die. The lubricant was mineral oil (Adeka Chemical
Supply Cop., AFCO LUBE AL-590A). The final drawing
speed was 500 m/min. The total drawing strain εn was
calculated according to the relation 2ln(d0/dn). The symbol
dn represents the diameter of the wire. After several passes,
wire pieces for the torsion testing were obtained. After the
wire-drawing process was completed, the diameters of the
wires were measured with a laser interferometer (Zumbach
Electronics AG., DU600-RO-OL).

Torsion Testing

The diameters of the tested wire pieces were 0.060, 0.077,
0.097, 0.141, 0.209, 0.296, and 0.444 mm, as listed in
Table 2. A wire was placed along the center line of the
sandwich-type grippers and was chucked by driving a
screw, as shown in Fig. 1(a). The chuck distance between
the grippers L ranged from 1.8 to 42.6. The ratio of the
chuck distance between the grippers L to the diameter of
the wire d (L/d) ranged from 18.7 to 362 including 100 and
200. JIS G3522 [16] and the standards of International
Organization for Standardization (ISO) 7800 [17] recom-
mends that the torsion testing is performed under L/d of
100 and 200, respectively. The cross-sectional circular
shape of the wire held between the grippers was main-
tained. The grippers were put into the pins of a torsion
testing machine (Fuji Testing Machine Co., FJ-TOP), and
were fixed by driving a screw. Subsequently, the wire was
rotated in a specific direction around its longitudinal axis.
The rotational speed was 10 rpm. Figure 1(b) shows an
electric circuit representing a simple and equivalent model
of the electrical structures of the torsion testing machine.
The wire acted as a switch in the circuit. The flow of cur-
rent allowed the motor to rotate, thereby, rotating the wire

Table 1 Chemical composition of a high carbon steel wire (mass %)

C Si Mn P S Cr Fe

0.98 0.20 0.30 0.004 0.006 0.20 Bal.
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on its axis. After the wire fractured, the rotation of the
motor stopped because the circuit was broken. The torsion
number until the wire fractured Nt was measured by the
digital counter, rounded to the second decimal place. The
circumferential shear strain, which is referred to as ‘the
shear strain calculated from torsion number γt’, was

calculated using Nt, d and L geometrically, as shown in
equation (3). The shear strain calculated from torsion num-
ber γt represents the average value of the shear strain in the
longitudinal direction.

γt ¼ arctan
πdN t

L
ð3Þ

Moreover, intermediate tests were performed for the wires
with a diameter of 0.060 mm. The torsion tests stopped when
the numbers of turns measured by the digital counter reached
10, 20, and 30. Furthermore, torsion testing was performed
with wires that had diameters of 0.077 mm, using a torsion
testing machine (Fuji Testing Machine Co., FTW-500mN)
with a torque cell. The torque T applied to the wire and rota-
tion angle Φ during the torsion testing were measured.

Observation of Wires through SEM

A piece of carbon tape was placed on the stage of scanning
electron microscope (SEM). The as-drawn wire and the test
pieces (fractured wires) were placed on the carbon tape so that
the fractured points protruded 2–3 mm from the edge of the
tape. The surfaces near the fracture point of the test pieces
were observed through SEM (Hitachi Ltd., S2150).

Moreover, an aluminum foil, on which spaced lines were
drawn at 1 mm intervals with a ball-point pen, was attached to
the SEM stage. The test pieces were placed on the carbon tape
on the SEM stage. The surface of the long specimen was
observed at 1 mm intervals. The surface of the short specimen
was observed at 0.5 mm intervals.

Results

SEM Images of Specimens

Figure 2 shows examples of the sides of the (a) as-drawn wire
and test pieces near the (b)–(c) chucked part, (d) middle part, and
(e)–(f) fractured part. Figure 2(a) and (d) show that the diameters
of the as-drawn wire and test pieces were 61.9 μm and 61.3 μm,
respectively, based on the diameter evaluation method using the
SEM images [5]. The difference in the wire diameters before and

Table 2 Information about tested
wire pieces Diameter [mm] 0.444 0.296 0.208 0.141 0.097 0.077 0.060

Pass number 0 5 10 15 20 23 26

Drawing strain for each individual pass 0.156

Total drawing strain 0 0.81 1.51 2.28 3.04 3.51 3.99

Back tension [N] 0 5.8 3.6 2.1 1.1 0.8 0.5

Drawing speed [m/min] – 19 41 90 196 313 500

Fig. 1 Schemas of (a) the torsion testing machine without a torque cell
and photograph of the grippers, (b) equivalent electric circuit model of the
electrical structures of the torsion testing machine in (a), and (c) the
torsion testing machine with a torque cell
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after the torsion testing was negligible. The shear strain calculat-
ed from torsion number γt was 0.74 and 0.75 for the wires whose
fractured parts were shown in Fig. 2(e) and (f), respectively.
Numerous lines including the scratches on the side of a typical
test piece, which were formed when the wire went through the
die (as indicated in Fig. 2(a)), are shown to fit the function y =
arctan x with regard to the radial (x) and longitudinal directions
(y), respectively, as indicated in Fig. 2(d). This was because the
scratches on the side of the three-dimensional wire were
projected onto two dimensions.

Torsion Number

Figure 3 shows an example of the torque T–rotation angle Φ
diagram. The increment of torque against angle when the an-
gle was smaller than approximately 1200 was larger than the
increment when the angle was larger than approximately
1200. The difference in the elastic and plastic deformations
was clearly shown in these plots. Figure 4 shows the torsion
number per unit length N (=Nt/L) as a function of the inverse
of the diameter of the wire d−1. The range of torsion number
per unit length N was large. The maximum N increased with
increasing inverse of the diameter of the wire d−1 for each

diameter wire. For the wires with a diameter of 0.077 mm,
approximately 10% of the test pieces underwent delamination
fractures. Others fractured with the cross-sectional fracture.
For the wires with a diameter of 0.060 mm, approximately
half of the test pieces underwent delamination fractures, while
others fractured with the cross-sectional fracture. In this study,

Fig. 2 Examples of SEM images of sides of (a) the as-drawn high carbon
steel wire and test pieces (b)–(c) near the chucked part, (d) middle part,
and (e)–(f) near the fractured part. Fracture morphology (e) and (f)

represent the cross-sectional fracture and delamination, respectively.
The shear strain calculated from torsion number γt was 0.74 and 0.75
for the wires shown in (e) and (f), respectively

Fig. 3 Example of torque T –rotation angle Φ diagram of a drawn high
carbon steel wire with a diameter of 0.077 mm under the chuck distance
between grippers L of 24.22. The torsion number Nt, torsion number per
unit length N and shear strain calculated from torsion number γt were
108.7, 4.5, and 0.83, respectively
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the torsion numbers per unit length N for the test pieces that
underwent delamination were not necessarily smaller than
those of the test pieces with the cross-sectional fracture,
though Lee et al. reported that the torsion number Nt of the
wire which underwent delamination was smaller than the tor-
sion number of the wire which underwent a cross-sectional
fracture [6]. Furthermore, the percentage of the number of
wires which fractured in the middle between grippers to the
total number of wires was 52.8%.

Discussion

Definition of the Edge of the Chucked Part

The part that was chucked with the grippers did not remain the
round section which was formed in wire drawing process.
Figure 5(a) is the same as Fig. 2(c) and shows the side of the
specimen near the chucked part. The boundary between the
maintained round section and the deformed section was illus-
trated in Fig. 5(b). The slope of the scratches on the surface of
the wire which was twisted was larger than that in the chucked
part, as shown in Fig. 5(c). Therefore, the position of the top of
the curve, as illustrated in Fig. 5(c), was defined as the edge of
the chucked part.

Calculation of Shear Strain from SEM Image

A straight line lA was drawn along one side of the outline of
the wire on the SEM image, as shown in Fig. 6(a-1). The other
straight line lB parallel to lA was drawn along the outline of the
other side. The straight center line lC was drawn directly in the

middle between lines lA and lB. Near the center of the wire, the
straight line lD was drawn along one of the scratch lines on the
surface. The intersection point of lines lC and lD was defined
as point O. The intersection of line lC and the line lE which
passed through O was defined as point A. The intersection of
the lines lB and lD was defined as point B. The distances
between O and A and between A and B are referred to as w
and h, respectively. Therefore, ‘shear strain measured from
SEM image γ’ was calculated according to equation (4). In
particular, ‘shear strain measured from the SEM image at the
fractured point γf’ was calculated in accord with equation (5)
by drawing the straight lines lAf, lBf, lCf, lDf, and lEf, as shown
in Fig. 6(a-2). The parameters wf and hf are the distacnces
between O and A and between A and B for the fractured part
shown in Fig. 6(a-2). In the same way, shear strain was cal-
culated at fractured point for the wire of which the torsional
deformation concentrated on fractured point as shown in Fig.
6(b). The shear strainmeasured from the SEM image γ and the
shear strain measured from the SEM image at the fractured
point γf were abbreviated as ‘measured shear strain γ’ and
‘shear strain at fractured point γf’, respectively. They represent
the local values of the shear strain in the longitudinal direction.

γ ¼ arctan
w
h

ð4Þ

γ f ¼ arctan
w f

h f
ð5Þ

Comparison of Local and Average Information of
Shear Strain

Figure 7 shows the shear strain calculated from torsion num-
ber γt as a function of the shear strain at fractured point γf for
the wire with a diameter of 0.060 mm. The plots colored in
white and gray present the shear strains of the wire with a
cross-sectional fracture and delamination, respectively. The
circular and triangular plots indicate that the wire was frac-
tured in the middle between the grippers and at the edge of the
chucked parts, respectively. Some plots were close to the
dashed line, indicating that γt = γf; while others were far from
the line. These data suggest that the shear strain is independent
of fracture morphology and position.

Shear Strain Distribution

Figure 8 shows the shear strain distributions in the longitudi-
nal direction for the wire, whose plots are close to and far from
the dashed line and indicated by the arrows in Fig. 7. The
horizontal and vertical axes show dimensionless chuck dis-
tance L* and measured shear strain γ, respectively. The di-
mensionless chuck distance L* is the ratio of the distance
between one chuck edge and measured point to the chuck

Fig. 4 Torsion number per unit lengthN as a function of the inverse of the
high carbon steel wire diameter d−1. The white and gray plots represent
cross-sectional fracture and delamination, respectively. The circle and
triangle plots indicate that the wire fractured in the middle between grip-
pers and at the edge of the chucked part for the wires with a diameter of
0.060 mm. The square plots belong to the wires with diameters of 0.077,
0.097, 0.141, 0.209, 0.296, and 0.444 mm. These plots cannot be used to
distinguish between cross-sectional fracture and delamination. The star
plot indicates the torsion number per unit length N into which the poten-
tial maximum shear strain was converted
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distance. The difference of shear strain between the vicinity of
the fractured part and other part varied with samples. The
shear strain near the fractured part was higher than that in
the other part. Comparing the samples that were near and far
from the dashed line, γt = γf in Fig. 7, i.e., the samples with
small and large differences between shear strain calculated
from the torsion number γt and shear strain at fractured point
γf, the following tendency was obtained. The samples with
small difference between shear strain at fractured point γf
and measured shear strain γ had uniform shear strain distribu-
tion in the longitudinal direction. For all plots, the shear strain
calculated from the torsion number γt was slightly larger than
measured shear strain γ.

Since the measured shear strain γ was local information, the
integrated value of the shear strain distribution shown in Fig. 8
was calculated. The following tendency was also obtained; the
shear strain distribution homogenized as the difference between
the shear strain at the fractured point γf and integrated value of
shear strain distribution decreased. In addition, the shear strain
calculated from torsion number γt was larger than the integrated
value of the shear strain distribution. This is because the integrat-
ed value of the shear strain distribution evaluated plastic shear
strain only, while the shear strain calculated from torsion number
γt evaluated the total shear strain, i.e., both elastic and plastic
shear strains. The integrated value of shear strain distribution is
referred to as the ‘integrated plastic share strain γpi’.

Fig. 5 Examples of SEM images of the sides of the tested and chucked
part (a) without and (b) with the guide curve (dashed curve) of the
boundary between the maintained round section and the deformed
section, and (c) at higher magnification. The straight and short dashed

lines were drawn along the directions of the scratches on the surface of the
tested part and chucked part, respectively. The straight line drawn in the
chucked part was drawn to compare the angle between the scratch line
and the longitudinal direction

Fig. 6 Examples of SEM images of the sides of (a-1) the middle and (a-2)
fractured parts (shown in Fig. 2 (d) and (e), respectively) of which the
wire twisted uniformly in longitudinal direction, and (b) the fractured part
of the wire of which the torsional deformation concentrated on the

fractured point. The shear strain was calculated using the parameters h
andw. Auxiliary lines lA, lB, lC, lD, and lE were drawn tomeasure h andw.
Auxiliary lines lAf, lBf, lCf, lDf, and lEf were drawn to measure hf and wf
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Figure 9 shows the relationship between integrated plastic
shear strain γpi and the shear strain calculated from torsion
number γt for the wires that shear strain distribution was mea-
sured. The difference between the shear strain calculated from
torsion number γt, and integrated plastic shear strain γpi, i.e.,
the gap between solid and dashed lines in Fig. 9, increased
with increasing shear strain calculated from torsion number γt.
Thus, the difference corresponds to elastic shear strain γe. An
increase in difference γe with increasing γpi is caused by work
hardening. Assuming that γt = γpi + γe, and γe was a function
of γt, γt would be expressed by a function, γt = aγpi. Symbol a
is a coefficient, which was assumed as 1.15 in this study.

Relationship between Torsional Deformation in
Longitudinal and Local-Average Shear Strain

Figure 10 shows the shear strain calculated from the torsion
number γt and difference Δγft (= γf – γt) between the shear
strain at the fractured point and the shear strain calculated
from the torsion number. The straight line shows that γt =
aγf i.e., Δγft = (1/a − 1)γt. Coefficient a in this study was
1.15, as mentioned in the previous section. Assuming that
the wire fractured with slight local deformation even when
the wire was deformed uniformly in longitudinal direction just
before it fractured, the shear strain at the fractured point γf was
larger than the integrated plastic shear strain γpi. Thus, the
relationship between γt and γf was explained as γt < aγf.

Fig. 8 Shear strain distributions
in the longitudinal direction of the
drawn high carbon steel wires
with a diameter of 0.060 mm. The
horizontal and vertical axes
represent dimensionless chuck
distance L* and the shear strain
measured from the SEM image γ,
respectively. The solid and
dashed lines indicate the shear
strain calculated from torsion
number γt and integrated plastic
shear strain γpi calculated by
integrating distribution,
respectively. The dot-dash line
represents the fractured position

Fig. 7 Shear strain calculated from the torsion number γt based on shear
strain measured from the SEM image at fractured point γf for the drawn
high carbon steel wires with diameter of 0.060 mm. The white and gray
plots indicate cross-sectional fracture and delamination, respectively. The
circle and triangle plots indicate that the wire was fractured in the middle
between the grippers and at the edge of chucked parts, respectively. The
black dashed and solid lines indicate that γt = γf and γt = 1.15γf, respec-
tively. The arrows indicate the samples whose shear strain distribution are
shown in Fig. 8. The star plot indicates the shear strains calculated from
torsion number γt and measured from SEM image at fractured part γf into
which the potential maximum shear strain was converted
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According to the relation, γt < 1.15γf, the shear strain calcu-
lated from torsion number γt increased by decreasing
difference Δγft in the range that Δγft > −0.13γt.

For the samples in which shear strain distribution was not
measured, the plastic shear strain was calculated using the
relationship, γt = 1.15γpi, as illustrated in Fig. 9. The plastic
shear strain was referred as ‘the calculated plastic shear strain’
and represented as γpc because γpc was not calculated by in-
tegrating the shear strain distribution. Figure 11 shows the
relationship between the calculated plastic shear strain γpc
and difference Δγfpc (= γf − γpc) between the shear strain at
the fractured point and calculated plastic shear strain. As men-
tioned in the previous paragraph, the relationship, γf > γpi, was
satisfied because the wire that was deformed uniformly in the
longitudinal direction fractured with slight local deformation.
Thus, the relationships, γf > γpc and Δγfpc > 0, were also

satisfied. The calculated plastic shear strain γpc, increased by
decreasing difference Δγfpc in the range of Δγfpc > 0.

Assuming that the meanings of the integrated plastic shear
strain γpi and calculated plastic shear strain γpc were the same,
and using the results shown in Figs. 8 and 11, the following is
explained: the shear strain distribution homogenizes, and the
calculated plastic shear strain γpc, increases by decreasing
difference Δγfpc in the range that Δγfpc > 0. According to
the relation shown in Fig. 9, γt = aγpi, the relationship between
the torsional deformation in the longitudinal direction and
average value of shear strain is explained as follows. The
uniform shear strain distribution results in a large torsion num-
ber per unit length N, shear strain calculated from torsion
number γt, and plastic shear strain (integrated/calculated plas-
tic shear strain γpi and γpc).

Evaluation of the Potential Maximum Shear Strain

As mentioned in Introduction, non-uniform deformation re-
sults from internal and external factors. If the wire had internal
factors, their effects would have been detected, such as the
wire fractures during wire drawing, and low value of other
mechanical properties or their variation would have been
shown. However, the wires in this study could be drawn with-
out rapturing. The significant value of variation of tensile
strength, uniform elongation, and reduction of area were not
observed [2–5]. Thus, it is interpreted that external factors
mainly caused non-uniform shear strain distribution.
Therefore, the wires used in this study can be regarded as
not being affected by internal factors. The potential maximum
shear strain, which is obtained by excluding the effect of ex-
ternal factors, can be evaluated as follows:

The sample wire with the smallestΔγft in the range ofΔγft
> (1/a − 1)γt and the largest γt, i.e., the sample wire with the

Fig. 11 Relationship between calculated plastic shear strain γpc and shear
strains difference Δγfpc (= γf − γpc) (difference between the shear strain
measured from the SEM images at fracture point γf and calculated plastic
shear strain γpc) for the drawn high carbon steel wires with a diameter of
0.060 mm. The plastic shear strain γpc was calculated using the
approximation, γt = 1.15γpi. The sample with γpc of 0.64, which is
represented by a black plot, was interpreted as the sample that had the
closest shear strain to the potential maximum shear strain. The dashed
line, Δγfpc = −0.98γpc + 0.75, was calculated using the least-squares
method. The potential maximum shear strain was approximately 0.76

Fig. 10 Relationship between the shear strain calculated from torsion
number γt and shear strains difference Δγft (= γf − γt) (the difference
between the shear strain measured from the SEM image at fracture point
γf and shear strain calculated from torsion number γt) for the drawn high
carbon steel wires with a diameter of 0.060 mm. The straight line
indicates the relationship, Δγft = (1/a − 1)γt. Coefficient a was 1.15,
which was calculated by the least-squares method in Fig. 9. The sample
with γt of 0.73, which is represented by a black plot, was interpreted as the
sample with the closest shear strain to the potential maximum shear strain

Fig. 9 Relationship between the integrated plastic shear strain γpi and
shear strain calculated from torsion number γt. The circle and square
plots indicate the samples shown in Fig. 8 and results of intermediated
tests, respectively. The straight line, γt = 1.15γpi, was calculated using the
least-squares method
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smallestΔγfpc in the range ofΔγfpc > 0 and the largest γpc, is
interpreted as the sample that has the closest shear strain to the
potential maximum shear strain. In this study, the sample, with
γt = 0.73 and γpc = 0.64, is interpreted as having the closest
shear strain to the potential maximum shear strain.
Conversely, since both shear strains at fractured point γf and
calculated plastic shear strain γpc are plastic, γpc whenΔγfpc is
closest to 0 is interpreted as the plastic strain of the potential
maximum shear strain. The relationship between
difference Δγfpc and γpc was calculated using the least-
squares method. The approximation was Δγfpc = −0.98γpc +
0.75. Thus, the plastic shear strain of the potential maximum
shear strain was estimated to be approximately 0.76.

When the plastic strain of the potential maximum shear
strain was 0.76, the torsion number per unit lengthN and shear
strain calculated from the torsion number γt into which the
plastic maximum shear strain was converted were 6.3 and
0.88, respectively. These values were represented by the star
plots in Figs. 4 and 7, respectively. Except for the wire frac-
tured at the chucked edge, the results obtained in this study
were smaller than the potential maximum shear strain. The
reduction exhibited a large variation. The diameters of wires
in this study ranged from 0.060 to 0.444 mm, and the wires
were fine. The external factors caused by the testing machine
and setting of the sample were significantly small since we
could not specify the factors visually. Thus, the relationship
among the external factors, non-uniform shear strain distribu-
tion, and reduction amount from the potential maximum shear
strain was not clarified quantitatively. However, the following
relation can be expected: the external factors can cause non-
uniform shear strain distribution and results in a reduction of
shear strain from the potential maximum shear strain.
Moreover, the difference of non-uniformity of shear strain
distribution causes the variation of the reduction from the
potential maximum shear strain. Consequently, the torsion
number has been recognized as mechanical properties with
large variation, but practically, the reduction from the poten-
tial maximum shear strain varies.

Effect of Chuck Distance between Grippers

Figure 12 presents the relationship between the ratio of the
chuck distance between the grippers to wire diameter L/d and
shear strain at the fractured point γf, and the relationship be-
tween L/d and differenceΔγfpc. All plots represent the results
of samples with cross-sectional fracture and fractures in the
middle between the grippers. The black circle plot shows the
sample with the closest shear strain to the potential maximum
shear strain. There was no relationship between the chuck
distance between grippers L and shear strain at fractured point
γf. In contrast, Δγfpc was conspicuous when L/d was smaller
than 100 and larger than 300. Thus, we recommend that the
chuck distance between grippers L should range from 100 to

200 based on the results in this study and the conditions de-
scribed in the JIS and ISO standards.

Conclusion

This study clarified the torsional deformation in the longitudi-
nal direction of a wire, the relationship between torsional de-
formation and torsion number, and the substance of torsion
number variation. Furthermore, we proposed a method to
evaluate the potential maximum shear strain, i.e., the shear
strain of the wire that was hardly affected by internal and
external factors. The internal factors included non-uniform
microstructures and existence of inclusions and voids, while
the external factors were caused by testing machine and set-
ting of the sample.

1) By decreasing the difference between the shear strain at
the fractured point γf and calculated plastic shear strain
γpc, in the range that γpc subtracted from γf was larger
than 0, the shear strain distribution homogenized, whereas
the torsion number per unit length N, shear strain calcu-
lated from torsion number γt, and the plastic shear strain
γpc increased.

2) The external factors cause non-uniform shear strain dis-
tribution even for the wire that is hardly affected by inter-
nal factors. The difference in degree of non-uniform shear
strain in the longitudinal direction causes the variation of
reduction from potential maximum shear strain.

Fig. 12 Relationships between the ratio of chuck distance to wire
diameter L/d and shear strain measured from the SEM image
at fractured point γf, and between L/d and shear strains difference
Δγfpc (= γf − γpc) (difference between the shear strain measured from
the SEM images at fractured point γf and plastic shear strain γpc). The
black circle plot shows the sample that has the closest shear strain to the
potential maximum shear strain
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3) The potential maximum shear strain is evaluated by the
following two methods even if the wire is affected by exter-
nal factors:

i) Identify a sample with a small difference between the
shear strain at the fractured point γf and calculated plas-
tic shear strain γpc, and a large calculated plastic shear
strain γpc. The sample has the closest shear strain to
potential maximum shear strain.

ii) Determine the calculated plastic shear strain γpc when
the plastic shear strain γpc subtracted from shear strain
at the fractured point γf is closest to 0. This value can be
interpreted as the plastic strain of the potential maxi-
mum shear strain.
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