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Abstract

In the copper superfine wire drawing, the internal cracks such as chevron cracks and breakage of the
wire were fatal to the success of quantitative drawing operations. This paper shows how the main process
parameters, the drawing pass numbers, influence the plastic deformation, hydrostatic stress, maximum
principal tensile stress and chevron cracks initiation investigated by FEM simulation. The effect of the
lateral and longitudinal sizes of a central cylindrical inclusion in the multi-pass copper shaped-wire drawing
was studied. The plastic deformation, plastic strain, hydrostatic stress and maximum principal tensile stress
of the copper shaped-wire containing an inclusion were obtained from simulation results. A ductile fracture
criterion was chosen from literature, a large number of ductile fracture initiation criteria, to predict the
chevron crack initiation of the drawn copper shaped-wire for this investigation. The problem of chevron

cracks initiation for the investigated material was solved. This investigation provided very good results.
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Introduction

Nowadays, various superfine wires are widely
used in commercial products such as a fishing line,
screw, pin, bolt, steel cord, sawing wire, cable,
spring, screen mesh, mesh of filter, wire rope,
stiffening wire, antenna, sensor, bonding wire,
electronic wire, etc. Superfine steel wires are used
for printing meshes, filters, steel cords, saw wires,
wire ropes, precision springs, precision screws and
precision pins. Superfine non-ferrous wires are
used for ultra small motors, semiconductor bonding
wires, magnet wires, materials for electronic
components, and electrode wires for electrical-
discharge processing as shown in Figure 1.
Multiple research efforts have been made to
develop ultra small motors in Japan. To further
improve the performance and the efficiency of
such motors, a cross-section of the magnet wire for
the motor needs to be changed from circular to
square as shown in Figure 2. At present, the size of
this shaped (square) wire is suggested to be in a

range of 300 to 500 micrometers ",

Superfine wire processing requires a large
number of drawing-passes and intermediate softening
heat treatments. In some cases, internal or chevron
cracks and breakage of wires occur. This results in
high manufacturing cost. In particular, for wire

with diameters of 0.1 mm or less, the product price
increases exponentially with the decrease of the
wire diameter . Raskin @ reported the causes of
wire breakage while copper wire drawing, and
based his report on a survey of 673 wire breaks.
The report concludes that 52%, 13%, 13%, 5%,
5%, and 12% are attributable to inclusion, central
bursting or cupping, tension break, weld break,
silver break and others, respectively, as shown in
Figure 3. It can obviously be observed that the
most important problem of wire breakage while
copper wires drawing is wire breakage due to
inclusions (WC or sintered hard alloy). Figure 4
shows the wires fracture due to an inclusion while
copper wire drawing.

Figure 1. Use of the superfine wires in the fields of
precision equipment and semiconductor:
magnet wire for wristwatch (courtesy of
SEIKO Corp.).
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Figure 2. The drawn copper (99.99 wt%) shaped-
wire.
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Figure 3. Causes of wire breakage while copper

wire drawing .
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Figure 4. Wire breakage due to an inclusion.

The inclusion/metal system may be simplistically
considered as a composite material with the inclusions
acting as the aggregate and the metal as the matrix
@9 1t is apparent that there are a number of factors
that affect the performance of the whole. Among
these are the volume percentage, shape, orientation,
and mechanical properties of the inclusions and the
direction of the principal stresses with respect to
this orientation. The failure of the inclusion wire
during drawing can be attributed to ductile fracture
that initiates after necking begins. Ductile fracture
in wire matrix is a multi-step mode of material
failure that is known to be the void initiation,
growth and coalescence "”. The coalescence of the
voids forms a continuous fracture surface followed

by failure of the remaining annulus of the wire
matrix usually on plane at 45° to the drawing
direction. Voids can initiate at inclusions or secondary
phase particles by de-cohesion of the particle-
matrix interface or fracture of the particle in the
center of the neck region. The internal or chevron
cracks as shown in Figure 5 are typical ductile
fractures due to plastic deformation in wire
drawing. Figure 6 shows the chevron cracks that
occur along the non-inclusion wire centerline on
the longitudinal cross section of a copper wire.
While the inclusion was passing through the
reduction zone of the die, the highest tensile stress,
the tensile stress at the inclusion-leading-edge
strongly influenced this plastic deformation *'"'¥.
This crack initiation will occur if the tensile strain-
energy density reaches a critical value which can
be described by a ductile fracture criterion that was
proposed by Cockcroft and Latham ).

; LR 1:5111

Figure 5. Chevron cracks at the centerline of the
copper wire.

3 mm

Figure 6. Chevron cracks on the longitudinal cross
section of a copper wire.

The wire breakage, defect and chevron
cracks are fatal to industrial scale high-purity
copper superfine wire production “'?. To reduce
these unsatisfactory situations and thus increase
production quantity, the appropriate process parameters
and high-purity material should be selected and
used in copper superfine wire drawing *'*. The
objective of this investigation was to determine
how the main process parameters, the drawing pass
numbers, influence the plastic deformation,
hydrostatic stress, maximum principal tensile stress
and internal or chevron cracks initiation occurring
by FEM simulation.
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Basic Theory
Wire Drawing

The wire drawing process is classified as
an indirect compression process, in which the
major forming stress results from the compressive
stress as a result of the direct tensile stress exerted
in the drawing. A converging die surface in the
form of a truncated cone is used. Analytical or
mathematical solutions "'® are obtained by a free
body equilibrium method. By summing up the
forces in the wire drawing direction of a free body
equilibrium diagram at an element in the reduction
zone, the longitudinal stress is obtained. By
summing up the forces in the radial direction, the
radial or die-breaking stress is obtained. Then
combining those results, integrating the resulting
differential equation, and simplifying, the equation
for the average drawing stress is obtained as shown
in equation (1).

o, :HB{I_(D/]”] M
B D,

Where D, and D, are the original and final
diameters, respectively, and B is equal to u cot a

The same approach can be used to yield
equations of essentially the same form for such
similar operations as drawing of a wide strip
through a wedge-shaped die. In the case of the
drawing of a strip through a wedge-shaped die in
plane-strain, the following equation (1) is obtained:
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where S is the yield stress (20,/3) in a plane-strain
compression test according to the von Mises
criterion, o, is the yield stress in uniaxial tension,
h, is the initial thickness and /4, is the final
thickness.

Ductile Fracture Criteria

The plastic work criterion is based on the
assumption that the material can only absorb a
certain amount of energy. This energy criterion
was proposed in this form by Freudenthal '”. The
Rice & Tracey criterion is based on a theoretical
study of the growth of a void in an infinite rigid,
perfect plastic matrix. The Oyane criterion is

derived from a plasticity theory for porous
materials, assuming that the volumetric strain has a
critical level. The Cockroft & Latham " criterion
considers the effect of the maximum principal
stress over the plastic strain path.

Cockcroft and Latham have proposed that
a criterion " for the fracture of a ductile material
in tension is that in which the tensile strain energy
reaches a critical value for a given condition of
loading as follows '®:

joc/a*dg = C (3)

where ¢ is equivalent strain, & is fracture strain,
o* is maximum principal tensile stress attained in
the specimen under axial loading, and C is constant
for a material at a given temperature and strain rate
as determined from an uniaxial tension test. A
material will fracture when it achieves a strain-
energy density equal to the above integral. C may
be determined from independent test data such as
for the tensile test using Bridgman’s analysis '®.

This criterion can be successfully applied
to cold working processes '*'®, such as to predict
the incidence of cracking along the centerline in
cold rod drawing and extrusion for a small
reduction which causes chevron crack formation
where tensile stresses prevail.

The goal of this research is to predict the
internal or chevron cracks initiation of the drawn
copper shaped-wire. A ductile fracture criterion,
Cockcroft and Latham criterion, was chosen for
this investigation.

Finite Element Analysis

The finite element method is a powerful
tool for the numerical solution of wire drawing.
With the advance in computer technology, wire
drawing can be modeled with relative ease. In this,
FEM have the following six steps. In the first step,
Shape Functions, the finite element method, expresses
the unknown field in terms of the nodal point
unknown by using the shape functions over the
domain of the element. In the second step, Material
Loop, the finite element method, expresses the
dependent flux fields such as the strain or stress in
terms of the nodal point unknowns. In the third
step, Element Matrices, the finite element method,
equilibrates each element with its environment. In
the fourth step, Assembly, the finite element method,
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assembles all elements to form a complete structure
in such a manner as to equilibrate the structure
with its environment. In the fifth step, Solving
Equations, the finite element method, specifies the
boundary conditions, namely, the nodal point
values on the boundary, and the system equations
are partitioned. In the sixth step, Recover, the finite
element method, recovers the stresses by substituting
the unknown nodal values found in the fifth step
back into the second step to find the dependent flux
fields such as strain, stress, etc.

A two-dimensional finite element method
was used for analyzing the effects of a central and
non-central inclusion on stresses, strains and
plastic deformation in copper shaped-wire drawing.
Figure 7 shows the analytical model used. The
black part was an inclusion in a copper shaped-
wire. The authors assumed that the inclusion was a
sintered hard alloy (WC). Table 1 shows the material
properties and the drawing conditions that were
used in this analysis.
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Figure 7. 2-D FEM model used in this copper
shaped-wire drawing simulation.

Table 1. Material properties and drawing conditions

used for FEA.
Copper (wire) ~ WC (inclusion)

Young's modulus, E (MPa) 120000 1000000
Yield stress, oy (MPa) 150 1000
Poisson's ratio, v 0.3 0.22
Die half-angle, o (°) 8
Reduction, Re (%) 17.4,20
Coefficient of friction, p 0.05

The model solution was obtained by using
the MSC.MARC program. The element type, wire
and inclusion material, die material, friction model

and analysis type were set as quadrilateral, isotropic
(elastic-plastic), rigid, Coulomb and plane strain
(large deformation), respectively. The authors
assumed that the wire and the inclusion matrix
were joined at the boundary during the process.
In this analysis, the wire was considered to be a
copper shaped-wire with a hard inclusion subjected
to steady deformation. It is also assumed that the
inclusion can completely transfer the axial tensile
stresses. The longitudinal inclusion size ratio (L/D,)
equal to 0.05, 0.1, 0.2, 0.3 and 0.4 was used. The
lateral inclusion size ratio (D/Dy) equal to 0.1, 0.2,
0.3, and 0.4 was also used. The die half-angle (),
reduction per pass (R/P) and coefficient of friction
(u) were set at 8 degrees, 20 %, and 0.05,
respectively.

Results and Discussion
Stresses, Strains and Plastic Deformation Behaviour

The stresses, strains and plastic deformation
behaviour of the copper shaped-wire that contained
a central inclusion for D/D, equal to 0.1 and 0.3
where L/D, was equal to 0.05 during five passes of
drawing were obtained by FEM simulation. Figure
8 shows the distribution of hydrostatic stress and
plastic deformation of the copper shaped-wires
containing a central inclusion during multi-pass
drawing for D/D, = 0.1 and 0.3 and L/D, = 0.05
where Re =20% and a = 8°.

For the first pass drawing, the inclusion
was slightly deformed because of its hardness,
resulting in large copper deformation. The inclusion
deformation occurred when copper shaped-wire
was repeatedly drawn. The necking behavior and
the relationship between the lateral neck size and
the lateral inclusion size are the same as described
in the case of the single-pass drawing of copper
shaped-wire containing a central and non-central
cylindrical inclusion. While drawing the wire
containing a central inclusion, it was found that the
hydrostatic and maximum principal tensile stresses
in front of the inclusion-leading-edge increased as
D./D, increased.

The highest value of the hydrostatic and
maximum principal tensile stresses in front of the
inclusion-leading-edge occurred where the inclusion-
leading-edge exited and was outside the die. When
comparing between the lateral and longitudinal
inclusion sizes effects, the maximum tensile stress
was stronger influenced by L/D, than D/D,. The
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wire deformation, inclusion deformation and maximum
tensile stress also increased as the drawing pass
numbers increased.
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Figure 8. Distribution of hydrostatic stress and
plastic deformation of the copper
shaped-wires  containing a  central
inclusion during multi-pass drawing for
D/D, = 0.1 and 0.3 and L/D, = 0.05
where Re =20% and a = 8°.

Internal or Chevron Cracks Initiation

The Cockcroft & Latham criterion was
selected and used as the damage value to estimate
if and where an internal or chevron crack will
occur during the copper shaped-wire drawing. For
the FEM simulation, the Cockcroft & Latham
criterion can be written as follows:

Y (e'A), = C @

i=1

where n is the number of steps in the simulation,
Az is the incremental effective strain
(Az = &-&_), 0* is the maximum principal
tensile stress in the element, and C is the material
constant or the critical damage value. The critical
damage value (C) of the material, copper, used in
this investigation was determined to be 0.664 in the
tensile test by a universal tensile testing machine at
room temperature.

The results of the analysis described in
section 4.1 showed that the maximum tensile stress
over the entire FEM mesh in all cases of those
simulations occurred in front of the inclusion-
leading-edge. If the summation of equation (4), C,
exceeds the critical damage value, an internal crack
or chevron crack should therefore occur in front of
the inclusion-leading-edge.
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Figure 9. Influence of the lateral inclusion size and
drawing pass number on chevron crack
initiation in the multi-pass drawing of
the copper shaped-wire containing a
central cylindrical inclusion for L/D, =
0.05 where Re/P =20%.
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Figure 10. Influence of the longitudinal inclusion
size and drawing pass number on
chevron crack initiation in the multi-
pass drawing of the copper shaped-
wire containing a central cylindrical
inclusion for D,/D, = 0.1 where
Re/P =20%.

The influence of the lateral and longitudinal
inclusion size on the chevron crack initiation in the
multi-pass drawing of the copper shaped-wire containing
a central cylindrical inclusion was obtained. Figure
9 shows the critical lateral inclusion sizes, 0.648,
0.134, 0.038, 0.009 and 0.001, in the first, second,
third, fourth and fifth passes, respectively, for L,/D,
= 0.05 where Re/P = 20%. Figure 10 shows the
critical longitudinal inclusion sizes, 0.283, 0.072,
0.023, 0.006 and 0.001, in the first, second, third,
fourth and fifth passes, respectively, for D,/D, =
0.1 where Re/P = 20%.

These critical lateral and longitudinal inclusion
sizes can also be plotted as a function of the total
reduction of cross-sectional area as shown in
Figures 11 and 12. The “inclusion size” as indicated in
Figures 9 to 12, the initial inclusion size, means the
size of an inclusion in an undrawn wire.

When the initial inclusion sizes (lateral and
longitudinal inclusion sizes) are very small, a large
number of drawing passes can be performed
without chevron cracks initiation. As the results,
more than five passes of the copper shaped-wire
drawing can be performed without chevron cracks
initiation when the initial inclusion size is less than
0.001. The number of the drawing passes that can
be performed without chevron cracks initiation
rapidly decreased as the initial inclusion size
increased. In this case, chevron cracks initiation
was found in the first pass of the copper shaped-

wire drawing when the initial lateral inclusion size
was equal to 0.648 for L/D, = 0.05. Chevron
cracks initiation was found in the first pass of the
copper shaped-wire drawing when the initial
longitudinal inclusion size (inclusion length) was
equal to 0.283 for D;/D,=0.1.
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Figure 11. Influence of the lateral inclusion size
and total reduction of cross-sectional
area on chevron crack initiation in the
multi-pass drawing of the copper
shaped-wire containing a central
cylindrical inclusion for L/D, = 0.05
where Re/P = 20%.
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Figure 12. Influence of the longitudinal inclusion
size and total reduction of cross-
sectional area on chevron crack
initiation in the multi-pass
drawing of the copper shaped-wire
containing a  central cylindrical
inclusion for D;/D, = 0.1 where Re/P =
20%.
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Conclusions

1. Necking occurred on the copper shaped-
wire surface in front of the inclusion-leading-edge
near the inclusion boundary.

2. Inclusion deformation occurred when
copper shaped-wire was repeatedly drawn. The highest
value of the hydrostatic and maximum principal
tensile stresses in front of the inclusion-leading-
edge occurred where the inclusion-leading-edge
exited and was outside the die. The drawing pass
numbers strongly influenced the wire deformation,
inclusion deformation and maximum principal tensile
stress in multi-pass copper shaped-wire drawing.

3. A large number of drawing passes can
be performed without chevron cracks initiation when
the initial inclusion sizes, lateral and longitudinal
inclusion sizes, were very small. This initial inclusion
size inversely and strongly influenced the number
of the drawing passes that can be performed
without chevron cracks initiation. More than five
passes of the copper shaped-wire drawing can be
performed without chevron cracks initiation when
the initial inclusion size is less than 0.001.

The internal or chevron cracks may occur
when the inclusion size is larger than the critical
inclusion size and finally, wire breaks may also occur.
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