WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l

=

BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES
DOI: 10.24425/bpasts.2025.153425

THIS IS AN EARLY ACCESS ARTICLE.
This article has been accepted for publication in a future issue of this journal,
but has not been fully edited. Content may change prior to final publication.

New technique for sharpening ultra-thin wires
for the drawing process: incremental furnace
stretching

Piotr Kustra', Andrij Milenin'
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Abstract. In the wire drawing process, the wire is subjected to sharpening before each drawing. Traditional methods
forsharpening wires involve one of the following techniques: crimping, grinding, rolling, chemical etching, or stretching
within a furnace. Wire sharpening becomes especially difficult in the manufacture of ultra-thin wire. This study proposes and
examines a novel technique for sharpening thin and ultra-thin wires through specialized stretching in a furnace. This study
proposes and investigates a new technique for sharpening thin and ultra-thin wires based on stretching them in the furnace.
Using a rheology- based concept of wire deformation during stretching, this study offers a substantial enhancement in the
maximum attainable thinning of the wire during sharpening. Technically, this advancement is achieved by transitioning from a
single-stage stretching process to an incremental one, characterized by small increments of deformation at each stage. In
addition to incremental stretching, the proposed method includes simultaneous movement of the wire through a continuous
micro furnace, repeated at each stage of elongation. This achieves thinning of the end of the wire of a given length.
This study theoretically and experimentally explores further potentialities of this approach concerning the fabrication of
ultra-thin wire. The findings show that the effectiveness of the proposed method strongly depends on the shape of the stress-
strain curve of the wire material. For example, the conducted research demonstrated that this method is more effective for

brass than for copper wire.
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1. INTRODUCTION

Thin and ultra-thin wires have many applications. Among

others, they are used in microelectronics, medical applications,
micro-soldering, as piano wires, or low-mass gaseous detectors
[1-5].
The classical method of wire manufacturing is realized through
a cold drawing [6, 7] or a hot drawing process [8]. This process
can also be carried out using a heated die [9]. The wire drawing
technique can be applied to various materials and diameters in
the range from 0.007 to 35 mm [10]. In this technique, the
cleaned wire is sharpened, put through a drawing die, and
hooked onto a drawing spool. The main problems in the wire
drawing process are correct lubrication [11], the wear of the
drawing dies [12], and the wire sharpening process.

The wire sharpening process is one of the elements of the
wire drawing technology and is carried out before each drawing
pass. This process is designed to taper the end of the wire in
such a way that it fits through the drawing die. The known
methods of wire sharpening include rolling, crimping, grinding,
digestion, or stretching in a furnace [13—15]. Machines
sharpening the wire by rolling are used to a diameter of
approximately 0.8 mm [16]. For wires with a diameter below
0.8 mm, the sharpening process is usually done by wire
stretching in the furnace. For ultra-thin wires less than 0.05 mm
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in diameter, this method can also be problematic. According to
the drawing practice, the neck that appears when the wire
breaks might not be long enough, making it impossible to
repeatedly pass the wire through the drawing die. In addition,
such a thin wire is quite flabby. In this case, a greater thinning
of the wire means that it does not rub against the walls of the
drawing tool hence, it is easier to put it through the drawing
dies. In such cases, the digestion process can be used. It should
also be noted that it is difficult to achieve a smooth change in
diameter over a long section of the wire using digesting.
Unfortunately, the digestion process requires additional tools,
and a digestion agent depending on the type of drawing
material. In addition, the digesting process can over etch the
grain boundaries of the material, which can result in the
brittleness of the wire tip and clogging of the drawing dies.
Clearing the die hole with diameters smaller than 0.05 mm is a
difficult task. Regardless of the chosen sharpening technique,
the wire should be long enough to be easily passed through the
drawing die.

In 1969, Weiss and Kot [17] presented a wire production
process based on a new drawing method called dieless drawing
(DD). The DD is a stretching of the wire with simultaneous
local heating of the deformation zone. This process has several
advantages — it allows for elongation of the wire without the use
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of a drawing die, it lacks friction, and it can be applied to
materials with low ductility [18]. Additionally, a considerable
strain can be achieved in one DD pass (up to 27% for brass [19],
32% for nickel [20], and 72 % for carbon steel [21]). The
process can produce materials with different cross-sectional
shapes of the workpiece along its length [22, 23]. This process
is constantly analyzed and developed by scientists [24, 25]. In
addition, DD does not require sharpening of the wire before a
drawing passes. Unfortunately, this process also has several
disadvantages — instability of the deformation process, which
can cause an unstable diameter of the tube [26] or wire along its
length or an increase in roughness during the deformation [19,
27].

An extension of the DD method is the incremental dieless
drawing (IDD) technique [19]. The idea behind this process is
to perform many small increments of strain in each pass of DD
[28]. Such an approach slows down the neck formation in the
deformed wire and improves the material workability. Since the
IDD method allows for large deformations, the authors of this
paper propose using it in the wire sharpening process.

The purpose of this paper is to develop an alternative wire
sharpening method based on IDD, which is dedicated to thin
and ultra-thin wires.

2. MATERIALS AND METHOD

2.1. Materials

The CuZn37 alloy commercial wire and Cu species M1E
wire with a diameter of 0.1 mm were used as starting wires. A
schematic of the special machine for implementing the tensile
test of thin wires for obtaining the stress-strain curve is shown
in Fig. 1.

Fig. 1. Schematic of tensile test: 1 — force sensor, 2 — furnace,
3 — stepper motor, 4 — wire, 5 — wire holder

This device allows the implementation of cold and hot tensile
tests. A professional force measuring sensor AXIS FB50 5N
with an accuracy of 0.001 N was used. The advantage of using
such a machine is that the material is directly tested in the form
of an ultra-thin wire, which will subsequently be processed.
Unlike classical testing methods, which require the production
of relatively large samples, in this case the microstructure of the
material being tested ideally matches the microstructure of the
material being processed.

2.2. Incremental dieless drawing method

The sharpening technique developed in this work was tested
for wires with an initial diameter of 0.1 mm. The following
parameters were used: furnace temperature was 380°C for brass

and 145°C for copper, IDD speed of the slow (¥}) and fast (V1)
end of the wire were 15.0 mm/s and 15.7 mm/s, respectively.
The area reduction of the wire R in the heated zone can be
approximately determined from the volume constancy
condition for Vi > Vy:

Yo

R=1-2 @)

£

2.3. Wire sharpening methods

Two methods of wire sharpening are considered in this
paper. The first involves traditional stretching the wire in a
furnace. During stretching at an elevated temperature, the wire
undergoes uniform elongation and then a neck appears which
results in wire breakage. In this way, a sharpened wire is
obtained.

The second method of wire sharpening developed within
the framework of this work involves the appropriate use of the
IDD process technique. As shown in paper [19], the IDD
technique used during the CuZn37 drawing process allows for
achieving more than two times higher longitudinal strain in
comparison to the classic DD technique. Consequently, it is
possible to obtain a thinner piece of wire, which makes the
process of threading the wire through the drawing die simple
and easy. When using the DD technique in the wire sharpening
process, the number of revolutions of the drawing spools should
be the same in each drawing pass. This results in a reduction in
the diameter of the wire gradually along the wire as it is shown
in Fig. 2.

First DD pass

" Second DD pass
N-1DD pass
N DD pass

Wire break

Fig. 2. Scheme of the wire sharpening process using the IDD method

2.4. Ultra-fine wire drawing process using the proposed
sharpening process

To illustrate how to implement this concept, we used the
simulation of the wire stretching process using QForm v10
FEM (finite element method) software. Since the model is
intended for qualitative modeling and explanation of the
physical principle of the proposed wire sharpening method, the
model has been significantly simplified and contains the
following assumptions. An axisymmetric rigid-plastic
deformation of the wire is assumed when it is stretched; the
dimensions of the simulated wire fragment are 0.1 mm in
diameter and 1.6 mm in length. A rigid fastening is specified at
the lower end of the wire, the upper end moves at a speed of 1.0
mm/s (Fig. 3).
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V=1.0 mm/s

Fig. 3. Calculated scheme of FEM simulation for tensile testing of wire
with a diameter of 0.1 mm and a length of 1.6 mm

The number of finite elements during the calculation process
varies from approximately 1600 to 2700 due to adaptation and
restructuring of the mesh during deformation. Mesh adaptation
proportional to the achieved deformation was used. The
influence of strain rate, stress relaxation and temperature
distribution in sample was not taken into account during FEM
simulation of tensile test. Maintaining a constant temperature
and strain rate during a tensile test ensures that changes in
material behavior are caused only by the force, and not by other
process parameters.

2.5. Ultra-fine wire drawing process using the proposed
sharpening process

The CuZn37 and Cu wires with a diameter of 0.1 mm were
used as input materials. The wire drawing process was carried
out in 18 passes according to the schedule presented in Table 1.
A solution of soap in water was used as a lubricant. The wire
drawing speed was 15.0 mm/s, drawing angle was 6° and
elongation per pass was equal to 20%. A schematic of the
machines presented in Fig. 4 was used for the wire drawing and
new sharpening process. The new sharpening method was used
before each pass.

TABLE 1. Drawing schedule

Draft no 1 2 3 4 5 6
z,mm | 0.0965 | 0.0880 | 0.0804 | 0.0734 | 0.0670 | 0.0611

Draft no 7 8 9 10 11 12
g, mm | 0.0558 | 0.0510 | 0.0465 | 0.0425 | 0.0388 | 0.0354

Draft no 13 14 15 16 17 18
z,mm | 0.0323 | 0.0295 | 0.0269 | 0.0246 | 0.0224 | 0.0205

Fig. 4. Schematic of the machine for (a) drawing process and (b)
sharpening process: 1 — uncoiler, 2 — drawing die, 3 — drawn wire, 4 —
stepper motors, 5 - furnace

2.6. Wire diameter measurement

Due to the small diameters of the analyzed wire (less than
20 micrometers), a scanning electron microscope (SEM) was
used to analyze the thickness and shape of the wire neck after
wire breakage. The FEI-Inspect S50 microscope was used in
the study. The images were obtained using an Everhart-
Thornley Detector, with the following settings: accelerating
voltage (HV) of 15 kV, magnification of 400x, and spot size
of 5.0 pm.

3. RESULTS AND DISCUSSION

3.1. Tensile tests and concept of new technique for
sharpening ultra-thin wires

During the tensile test, movement of the machine’s
traverse (Fig. 1) was constant and equal to 0.1 mm/s. Tests
were performed for Cu in the temperature range of 20 - 240°C
and CuZn37 in the temperature range of 20 - 600°C. A K-type
thermocouple was used to measure the temperature in the
heating device (Fig. 1, position 2). At least three samples were
used for each tensile test condition. An example of
stress-strain curves with the standard deviation is shown in
Fig. 5. The experimental result was approximated by the least-
squares method to determine the stress-strain model and
plastic strain stability factor K (Fig. 6). This parameter is
based on Consideére criterion [29] and was used by Wright and
Wright [30] for the estimation of plastic deformation stability
in the DD process. This parameter was also used by Bylya [31,
32] in complex stress-strain state deformation in the following
form:

do 1
= (1)

where: o is the flow stress and ¢ is the effective strain.

This parameter allows for the quantitative characterization of
material softening to predict deformation localization during
hot metal forming. For linear stretching, it has been
theoretically shown that K < 1 corresponds to the condition
where plastic deformation becomes unstable. In other
scenarios, such as the dieless drawing process, the critical
value of K must be determined empirically. It is important to
note that the onset of unstable deformation does not
immediately result deformation localization and fracture; the
process can continue under unstable deformation conditions
for a period of time. For instance, Slomchak et al. [33]
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demonstrated that noticeable deformation localization during
the initial phase of rolling occurs at negative values of K.

In the dieless drawing process, cooling of the material after
it exits the heating zone further stabilizes the process. This
stabilization occurs because the initiated strain instability is
mitigated by the increased flow stress resulting from cooling.
Consequently, the dieless drawing process is generally more
stable than simple stretching at a uniformly distributed
temperature within the sample. In [34], it is shown that K = 0
can be considered an approximate critical value of K for
dieless drawing.
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Fig. 5. The flow stress of the initial wire with a diameter of 0.1 mm:
a) CuzZn37 alloy, b) Cu

In our study, the parameter K will be used for a comparative
analysis of various methods of sharpening the wire by
stretching it in different ways and materials. For this reason,
the exact critical value of K is not significant.

The change in the value of K depending on temperature
and the magnitude of deformation were calculated using Eq.
(1) based on experimental tensile curves. The results are
shown in Fig. 6. As can be seen from the results presented in
Fig. 6a in the case of CuZn37, the greatest stability of
deformation can be obtained at a temperature of the order of
380°C (the highest K-value and the highest longitudinal
strain). For copper, regardless of temperature, the K value is
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practically the same. Tensile tests were not performed for
higher temperatures because, as the research [34] shows, the
value of the K factor in higher temperatures is very unstable
and, therefore, copper as a material is moderately suitable for
the DD deformation process. Plastometric data for copper
show that the maximum strain for copper is 0.34 (34%) and
0.23 (23%) for temperatures of 145°C and 240°C,
respectively. Therefore, a temperature of 380°C for CuZn37
and 145°C for copper were chosen for the sharpening process.
It is for these temperatures that the stress-strain dependencies
are shown in Fig. 5.
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Fig. 6. Dependence of the K parameter on temperature of the initial
wire with diameter of 0.1 mm: a) CuZn37 alloy, b) Cu

Based on the above data, we can propose a new concept for
sharpening wire, based on stretching it at elevated temperatures.
The basis of this concept is the principle according to which
stretching should be carried out at the highest possible values of
the parameter K, which will lead to inhibition of the process of
early neck formation and, as a consequence, an increase in the
overall elongation and thinning of the wire fragment intended
for sharpening. Numerical analysis of two variants of the
sharpening process was performed for the material shown in
Fig. 5. The simulation results are presented in Fig. 7-10. The
first two calculations were modeling the continuous stretching
of the wire until the beginning of intensive necking for the two
materials under study (Figs. 7-8). The simulation results
showed that when CuZn37 wire is stretched, a neck appears
after 226 ms of stretching, which at a stretching rate of 1 mm/s

4

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



www.czasopisma.pan.pl P N www journals.pan.pl

POLSKA AKADEMIA NAUK

is 0.226 mm of total elongation. The amount of wire
deformation in areas outside the neck, which directly affects
the diameter of the sharpened wire, was 0.12 (12%) (Fig. 7¢).
The K value at the time point of 200 ms, preceding the
beginning of intensive neck growth, changed unevenly in the
wire within the range from -3.0 to 1.5 (Fig. 7a).

A similar calculation for copper wire (Fig. 8) showed that
at the same stage of deformation (at 200 ms) the K values are
significantly higher than in CuZn37 wire and range from 2.0
to 3.0. In this case, the deformation of the wire outside the
necking zone is 0.13 (13%), that is, higher than for CuZn37
wire. Greater stability of deformation in copper wire leads to
inhibition of neck development and the beginning of its
formation occurs at the moment of stretching of 400 ms
(Fig. 8c, d). A significant development of strain localization
in the neck is observed at 430 ms (Fig. 8¢). At this point, the
deformation of the wire outside the neck area is 0.24, which
is two times greater than for CuZn37 wire. From these
calculations it follows that for copper wire the traditional
sharpening process based on stretching in a furnace will be
much more effective than for CuZn37 wire.

1.5 0.192
[1.0 0.184
L0.5 0.176
0.0 0.168

--0.5 0.160
0.152

0.144

L2 0.136

I-- .5 I 0.128

L 0.120

Fig. 7. Distribution of K (a) and effective strain (b, c) during the tension
test of CuZn37 wire at 200 ms (a, b) and 226 ms (c)

The next two calculations are devoted to modeling
incremental stretching. The time increment value is taken to
be 100 ms, which corresponds to an average wire longitudinal
deformation of 0.0625 (6.25%). The calculation assumes that
after each increment of deformation, during the pause before
the next stretching stage, the mechanical properties of the wire
are completely restored due to the processes of
recrystallization of the material. For this reason, the
deformation accumulated as a result of previous increments
was reset to zero in the calculation. The calculation results for
CuZn37 wire showed that during each increment of
deformation, the K value in the wire changes from 6.0 to 12.0
(Fig. 9a). Such high values of K result in stable plastic
deformation and even at the 6th deformation increment (600
ms) no significant necking occurs (Fig. 9¢).

Application of a similar tensile regime for copper showed
lower K wvalues (3.5-4.1 at the first stage) and, as a
consequence, much greater strain localization at the sixth
stage of incremental deformation (Fig. 10).
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Fig. 8. Distribution of K (a, c) and effective strain (b, d, e) during the
tension test of Cu wire at 200 ms (a, b), 400 ms (c, d), and 430 ms (e)
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Fig. 9. Results of modeling incremental stretching of CuZn37 wire:
distribution of K (a) and effective strain (b, c) for the first strain
increment lasting 100 ms (a, b) and the sixth increment of deformation
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Fig. 10. Results of modeling incremental stretching of Cu wire:
distribution of K (a) and effective strain (b, c) for the first strain
increment lasting 100 ms (a, b) and the sixth increment of deformation
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The obtained calculation results allow us to draw the
following preliminary conclusions.
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1. The effectiveness of the method of sharpening wire by
stretching it in a furnace is determined by the shape of the
stress-strain relationship of the wire material at a given
deformation temperature. This conclusion coincides with the
results of a preliminary analysis of the stress-strain curves
given above based on the direct calculation of K from these
curves (Fig. 6). Continuous furnace stretching is much more
effective as a sharpening method for copper wire than for
CuZn37 wire. This is explained by large values of K, which
indicates greater stability of plastic deformation during tensile
copper. Comparison of stress-strain curves (Fig. 5) shows that
copper at the selected temperature is strengthened more
uniformly than CuZn37. In the latter case, softening is
observed at a strain of about 0.12 (12%) (Fig. 5a), which
corresponds to negative K values.

2. The initial part of the stress-strain curve (up to a strain
of 0.1 (10%)) for CuZn37 is characterized by a larger average
angle of inclination of the curve to the strain axis than for
copper. As a consequence, the method based on incremental
stretching in the conditions of the initial part of the stress-
strain curve allows you to more effectively lengthen wire
made of CuZn37 than copper, which we see in Fig. 9 - 10.

Since the calculations performed were aimed at a

qualitative explanation of the concept, further research in
order to obtain quantitative effects will be carried out on the
basis of experiment.
The first series of experimental studies was devoted to simply
stretching the wire in a furnace at the temperatures specified
above. The length of the heated section of the wire was 60
mm. The experimental diameter distribution along the wire
and SEM images of the wire ends after the sharpening process
are shown in Fig. 11.

The change in wire diameter along its length, obtained by
measuring with a micrometer with an accuracy of 0.01 mm, is
shown in Fig. 11a. The measurement was carried out on the
wire after it had broken, so the length of 0.0 mm in Fig. 11a
corresponds to the point where the wire broke, which was
approximately in the middle of the furnace length.

The resulting curve of changes in wire diameter along its
length indicates a greater localization of deformation for
CuZn37 wire, which qualitatively corresponds to the
calculation results shown in Fig. 7. The minimum diameter of
the wire at the necking site is small (0.0606 mm), but the
section of the pointed wire is not long enough. For Cu wire,
the wire diameter is more evenly distributed along the length,
however, the minimum wire diameter achieved was about
0.090 mm.

5.110

100

90

‘Wire diams

80

70
——CuZn37 —+Cu

60

) 0 10 20 30 40 50 60 70 80 90 100
a Length from pomt of wire fracture, mm

Fig. 11. The classic method of sharpening wires using stretching in a
furnace: a) graph of wire thickness after the sharpening process,
b) neck dimensions for Cu, c) neck dimensions for the CuZn37 alloy

As can be seen from Fig. 11a and 11b, it is not possible to
thread a Cu wire through a drawing die with an elongation of
20%, because the sharpened zone below diameter of 0.091
mm is less than 5 mm long. In this case, the diameter of the
wire differs by less than 0.002 mm from the die diameter,
hence, the threading process would be difficult or impossible.
Additionally, CuZn37 wire is sharpened to a length of less
than 20 mm. In this case, the end of the wire is so thin that it
is difficult to pull the wire through the drawing die because it
breaks off. The analysis also showed differences in the
deformability of the two materials, as evidenced by the shape
and dimensions of the wire neck after break-off. This result is
consistent with the K parameter, which is shown in Fig. 6 and
Fig. 7-8.

Thus, wires made from both materials are difficult to
sharpen by traditional oven stretching. In the case of copper,
there is an insufficient reduction in the diameter of the wire
with a fairly uniform distribution of the diameter along the
length of the sharpened fragment. In the case of CuZn37 wire,
on the contrary - with a sufficiently small diameter of the end
of the wire, the length of the pointed part is too short due to
the localization of deformation.

3.2. New sharpening technique based on incremental
deformation and dieless drawing process

Based on equation (2) and the speeds of the slow and fast
end (respectively 15.0 and 15.7 mm/s), the calculated
increment in wire deformation is R=0.0445 (4.5%). According
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to previous theoretical analysis, such strain increment should
provide stable strain, inhibit necking, and result in increased
wire end sharpening efficiency, at least for CuZn37 wire. 6-7
passes of incremental deformation were performed by
repeatedly pulling the sharpened section of wire until it broke.
In this process, the length of the wire section to be sharpened
can be as large as desired.

Finally, the CuZn37 wire after the sharpening process had
a diameter of 0.072 mm (Fig. 12a), that differed from the
diameter of the drawing die by 0.019 mm. In addition, the
diameter of the wire at its length changes gradually; hence,
there is no problem with the wire breaking when pulling it
through the drawing die. In this case, the process of threading
the wire through the drawing die is simple.

It can be noted that the IDD process practically did not
reduce the diameter of the copper wire. In this case, analogous
to the classic sharpening process, the wire differs by less than
0.003 mm from the diameter of the die hence, the threading
process would be practically impossible. Therefore, in the
remainder of the work, the drawing process was done only on
the CuZn37 wire.

Using proposed technique of sharpening the wire drawing
process was carried out up to the diameter of 0.0205 mm. The
final wire also was subjected to a sharpening process using the
IDD technique for microscopic observation.

The results are shown in Fig. 13. The elongation factor for
a wire after the die drawing process with a diameter of 0.0205
mm and after sharpening with a diameter of 0.01704 mm is
1.3776. This means that it is possible to thread this wire
through the next drawing die without a problem even for an
elongation of 30%. It should be noted that the surface
roughness of the wire shown in Fig. 13a-c increased with the
increasing strain in the IDD process, which is consistent with
the analysis presented in paper [27].

Fig. 12. Wire sharpening using the IDD technique for: a) CuzZn37,
b) Cu

Fig. 13. CuZn37 wire: a) input wire for the drawing process, b) after
the wire drawing process, c) after sharpening using two passes of the
IDD process, d) after sharpening using four passes of the IDD process

4. CONCLUSIONS

It has been shown that classical sharpening of the wire by
stretching it in a furnace can produce a neck but short
enough that the wire pulling through the drawing die will
not be possible.

2. A new wire sharpening technique using the incremental
dieless drawing process has been developed. It has been
shown that this method can be applied to materials with
high value of the K parameter. As studies have shown, this
method is not effective for copper wires.

3. The developed sharpening technique was used in the
process of wire drawing of ultra-thin CuZn37 wire
(diameter 0.020 mm). Sharpening of the final wire reduces
the wire diameter to the value of 0.01704 mm, which
means that this method is effective for thin and ultra-thin
wires
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