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The objective of this research was to study the behaviour of annealing factors, which
affected on the mechanical properties of copper drawn wire used for producing low voltage cable.
8mm diameter of copper rod was reduced into 2.6, 0.6, and 0.08mm diameter, which were the
percentage of cold work of 89.44, 99.44, and 99.99 %, respectively. The drawn wire of 0.08 mm,
then, were annealed. The annealing method studied was the single phase-continuous electrical
resistance annealing, 3-sheave type. The factors that involved with this type of annealing was the

electrical voltage, wire speed, and coolant temperature.

For the annealing process, there were nine experiments, which were varied the annealing
voltage at 25, 27, 29, 31, 33, 35, 37, 39, and 41, and fixed wire speed and cooling temperature at
2,000m/min and 50°C, respectively. The annealed drawn wires were analysed. The products of both
drawing and annealing process were characterised for mechanical properties and microstructure being

percentage of elongation, tensile strength, grain size, and porosity.

The experimental results found that (1) The increasing of percentage of cold work
increased the tensile strength but decreased the percentage of elongation and grain size of cross-
sectional area of drawn copper wire. (2) The percentage of elongation and grain size of drawn wire
increased with the increasing of annealing voltage ranged from 25 to 39 voltage. (3) The appropriate
annealing voltage, which the wire was not discoloration, was 37 volt and provided the percentage of
elongation of 24.1. (4) The large size and high amount of porosity decreased the wire strength, which
the lowest strength was 24.28 kgf/mm? found at the experiment of 33V that was mostly found the ‘

porosity.
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CHAPTER 1

INTRODUCTION

1.1 Background

This factory is the case study factory, which its products and application are
interface cable assemblies, wire assemblies and wire hardness, flexible flat cable,
magnetic lead assemblies for HDD, metal dome switch for mobile phone, and coaxial
cable and telecommunication cable. The factory produces cable to support most of its

products then the cable manufacturing in this factory is very important.

The factory produces both low and high voltage cables. For the low voltage
cable, there are 51 series and it is more difficult to produce than high voltage cable
‘because the small diameter size of each single wire for low voltage cable is easier to

break than large diameter.

For the product of cable manufacturing of this factory, each product will be

coded as follow

NN /N.NN TA: NN = The overall number of wire.
N.NN = The size of diameter of each wire.
TA = Annealed wire with tin coated (silver look)

A = Annealed wire without tin coated(copper look)

For example, 19/0.08 TA means that
- There were 19 single wires.
- The diameter of each single wire was 0.08 mm.
- Each single wire was annealed.

- And, each single wire was coated by tin.
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Drawing and Annealing

"

Tin coat or
Wire stranding ¢

y

Insulation

Figure 1.1; Cable Manufacturing Process.

1. Drawing process
This process is used to reduce the diameter of copper wire. Generally,
this factory uses the 8 mm-diameter copper wire as the raw material and
draws it to the 2.6 mm-diameter. This size of diameter is mostly use in the
factory and will be drawn to the 0.6 mm-diameter then it will be drawn to
the required diameter. The drawn wire has low elongation then it must be

annealed to increase the elongation after the process of drawing from 0.6

mm to required diameter.

Die

/
‘T Copper wire

Figure 1.2: Deformation of Wire in the Drawing Process.

The elongation of the drawn wire is reduced when the percent cold
work is increased, which the relationship can be illustrated by the

following graph.



Strength or Elongatio ‘/Suength
Elongation

Percent cold work

| —

Figure 1.3: The relationship between Strength/Elongation and percent Cold Work

Then, the wire will be annealed to increase the elongation, which

is shown in the following graph.

Strength or Elongation,  Strength 7 Elongation

Annealing temperature
>
Figure 1.4:The relationship between Strength/Elongation and Annealing Temperature.

2. Tin coat process
The wire from drawing process will be coated by tin in this process.
Some series of cable may not be coated, which depend on the order of
each series. The elongation of coated wire will be reduced after pass this

process. The following is the process of tin coat.

Copper Wire (input)

v

Pass wire through ‘Anozil basin’

v

Pass cleaned wire through “Tin basin’

v

Reel

For clean wire surface and
increase the adherence of tin

Reel the coated wire
to the taper reel

Figure 1.5: Tin coat process.



3. Wire stranding process

Each wire will be stranded together to be the conductor (cable that has
no insulation). There are two methods of wire stranding. The first method
is S-lay, clockwise direction. The second method is the anti-clockwise

direction, Z-lay. Each method depends on the requirement of order.

4.

Coated wire (input) Guidir plate
! ;
guide roller Stranding die
y ;
Felt Roller
; I
Roller Bow
I ;
Tension equalizer Roller
! I
Guider plate Capstan
; ;
Stranding die Traverser
I ;
Tension equalizer Take-up bobbin
v Cont.

Figure 1.6: Wire stranding process.

Insulation process

The stranded wire is insulated by PP, PVC, and PE plastic in this

process. The process of insulation is following.




— 5

NBANANDYY ARIUNI ey nT |
L - -
’.‘5'1'1'1;'! ?ﬂ’ﬂllﬂf”!j?lt'?-."-f}

e

Pay off lor
& .
w Printing unit
Flying Rolling v
v i
l Cooling
Break unit ¢
ior Capstan
v v
Pre heater Accumulator
' v
1 Spark tester
Extruder ¢
¢ Lump detector
Water cooling ¢ .
,& Roller counter
Laser micro diameter ¢
&nt. Take up

Figure 1.7: Insulation process

1.2 Statement of Problem

The wire break occurred in the insulation process, which was the final process
of the cable manufacturing process. This obstructed the production and it was the
result from the insufficient percentage of elongation of wire to withstand the pulled
force of the process. In addition, elongation decreased after pass each process of cable

manufacturing since drawing to insulation process.

- The drawing process included the annealing process, which was the only one
process that could increase the elongation for the wire. Therefore, the annealing

process should be investigated.



1.3 Objective of the research

The objective of this research was to study the behaviour of annealing factors,

which affect on the mechanical properties of copper wire used for producing low

voltage cable.

1.4 Scope of the research

The implementation of this thesis focuses on the annealing process in order to

find the elongation and strength of wire for the different annealing temperature, which

based on 0.08 mm diameter copper wire with 99% cold work.

1.5 Methodology of research

1. Collect the related literature, the information of related content with this

thesis from the World Wide Web and other documents.

2. Study the collected information.

3. Collect the information of the process, which include

The components and properties of raw material (8mm-diameter
copper wire) and wire before and after annealing process.
percentage of cold working, percentage of elongation and strength
of the copper wire before and after annealing, both 0.08 mm-
diameter and other series in order to find the percent cold work that
affect the mechanical properties.

Specification of annealing machine and the involved factors of the
annealing process being annealing temperature, annealing time, and

quenching temperature that affect the mechanical properties.

4. Find the result of annealing process from the data collection

Analyse the annealing process, its involved factors, and the

percentage of elongation of annealed wire.

Compare the annealing process conditions with the existing

condition.

5. Discussion and conclusion

6. Write up the thesis



1.5 Expected benefits

The expectation is to

Observes the current process of annealing and quality of copper
wire from the annealing process.
Guide lines the process of annealing for the factory in order to

improve the quality of copper wire from the annealing process.



CHAPTER 2
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Metal Forming Process

Metal forming process i1s the method that used to produce the metal as the
required dimension by applying the force to the work piece. The stress and strain of
metal will be increased very high to the plastic stage as a result of force applied. The
shape of metal will then be changed to the direction of force result the new shape
without the return though the force didn’t be applied. Manut Satitjinda has divided the
metal forming process into five processes as follow, which each process is divided by

the type of applied force.

¢ Direct-Compression type Process: The force will be applied directly to the
surface of work piece, which will be moved in the vertical with the force
direction such as forging and rolling.

o Indirect-Compression Process: The force will not be applied in the vertical
with the work piece surface but the work piece will be pulled through the
die, which will then cause the compressed force between die and work
piece such as extrusion and wire/ tube drawing.

e Tension-type Processes: The force will be applied to stretch the work piece
as the shape of die such as stretch forming.

¢ Bending Process: The forces will be applied to the work piece from both
side of die.

e Shearing Process: The shearing force will be applied to the work piece to

cut the work piece to be the shape required.

For the temperature factor during the forming process, there are two major
types, which are hot working and cold working. However, the Warm working is

available for the forming process that requires the temperature between hot and cold.



“Indirect-Compression Process” is the process that related with the thesis and
it is the cold working process, which the temperature required during the forming
process 1s lower than the recovery or recrystallisation temperature of the metal. In
addition, the strain will be occurred after the forming process without disbandment.
The results are that the increment in strength and reduction in ductility or elongation
(Harold Hattersley (1995) Elongation is a measure of the material’s ductility, which
should high enough to withstand the elongate force during the process.), which both

factors depend on the percentage of cold working.

After the cold working process, the annealing process is required in order to
increase the ductility however the strength will be reduced. The temperature and time
used in annealing affect the structure of metal, ductility, and strength. Manut
Satitjinda has suggested that if the annealing temperature used is between 0.3 times
and 0.5 times of melting temperature, the strain still existing called recovery. But, if
the annealing temperature used is higher than 0.5 times of melting temperature, the
mechanical properties will be vastly changed result the decrease in strength and the
elongation will be increased as the direct ratio with time. The details of wire drawing

process (cold working) and thermal processing (annealing process) will be discussed

as follow.

2.2 Wire Drawing Process

Michael J. McNulty (1995) has defined the wire drawing process that is “the
process of producing the wire from a rod breakdown line is drawn down to smaller
diameter, annealed in a continuous resistance annealer and packaged onto a spool
Jor further processing”. The final diameter produced depends on the type of drawing

machine used and the diameter of the wire being put into the wire drawing line.

As a result of cold working effect, the ductility (elongation) decrease, tensile
strength increase, and electrical conductivity reduce. In addition, the internal
microstructure of the cold drawn wire will be heavily deformed and elongated in the
direction of drawing. The mentioned cold drawn wire is changed in both mechanical
and physical properties. Therefore, if these changes keep continued by doing the wire

drawing, the wire breaks and cracks will occur as a result of building up of residual
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stress and internal defect. The graph in Figure 2.1 shows the effect of area reduction

upon tensile properties of copper wire.

The size of wire can be defined by referred to the AWG size, which is shown
in Table 2.1. The wire diameter used in the studying of the annealing process of the
thesis 1s referred to the AWG size as the 40 AWG, which represents that the bare wire
diameter 1s about 0.079mm (0.003 linches).

The wire drawing process is a process included in the process of producing the
flexible insulation cable, which the production steps used to produce the flexible

insulation cable suggested by Michael J. McNulty (1995) are shown in Figure 2.2.

Due to Figure 2.2, the wire used to study in this thesis is produced similar to
these steps, which the studying is concentrated in the wire drawing process. As
mentioned above that the wire drawing process includes the annealing process

therefore the details of annealing process will be mentioned following.

2.3 Annealing Process

Horace Pops (1995) has defined heating of nonferrous metals that is a general
topic covering several different types of metallurgical processes, which are activated
by heat. And, these are the processes range from annealing, which is the elimination

of effects caused by different methods such as solution heat treating and quenching, or

dispersion hardening.

Annealing is the process of heating up the wire to an evaluated temperature in
order to bring about the significant change in microstructure or property. Annealing
process involves a very board range of heating rates, soak times, temperatures, and
cooling rate. The process is to eliminate the effects caused by cold working of the
metals, through the hardening and strengthening of the metals by different methods

such as solution heat treating and quenching, or dispersion hardening.

Therefore the drawing and annealing are the significant steps in the

development of the desired combination of properties of wire produced.
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Figure 2.1: Effect of area reduction upon tensile properties of copper wire:

ROD BREAKDOWN |
PROCESS }

A: Copper Wire {18 - 5 1WWG)
B: Copper Wire; Sirgle or Multi (18 - 44 AWG)
C: Bunched Electrica! Conductor

‘ Plating Process

WIRE DRAWING
PROCESS*

(Muliti ar Single Wire)

BUNCHING
PROCESS

IMulti or Singls Vdire)

[

‘ c EXTRUSION
PROCESS

* MORE THAN ONE DRAWING STEP REQUIRED FOR 45 TO 56 AV/G

Flexible Insulated Cable

Figure 2.2: Production Steps; flexible insulated cable



Table 2.1: The AWG Sizes of the Round Bare Copper Conductors.
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Table 2.1: The AWG Sizes of the Round Bare Copper Conductors (Continued).
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The materials and supplemental systems of the process include wire drawing
dies, wire drawing lubricant, wire, annealing quench, spools (bobbins), utilities
(electricity, compressed air, stream or nitrogen, cooling water, etc.), wire string-up

devices, wire welders and systems for supplying and filtering the wire drawing

Jubricant.

Horace Pops (1995) Heating of drawn wire produces property changes in the
conductor through reduction (but not complete elimination) of these lattice defects,
starting with point defects, continuing with line defects, and ending with the removal
of some grain boundaries. If hardening is carried to completion, all properties may be
restored to their original values, or become nearly the same as those measured prior

to cold work (drawing).

The graphs in Figure 2.3 represent the typical annealing curves for hard drawn
wire, Horace Pops (1995) if the drawn wire are heated to a fixed temperature and
Jfollowed with periodic measurement of different properties, or if they are annealed

Jor a fixed time at several different temperatures.

From the graph in Figure2.3, there are three separate regions that occur

sequentially in the annealing for hard drawn wire, recovery, recrystallisation, and

grain growth.

Recovery: The driving force for this region is a reduction in the
thermodynamic energy different between the deformed state and the recovered
structure. It involves the annihilation of atomic vacancies and the rearrangement of
dislocations. Thus, only the most sensitive physical properties are affected (such as a
reduction of resistance), and no change in microstructure can be seen in the optical
microscope. Although mechanical properties, such as hardness, strength, and
elongation remain unchanged, residual stresses are usually eliminated. Most strain-

free regions that form during recovery can serve as the origin or nucleus for

subsequent annealing.
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Figure 2.3: The regions that occur sequentially in the annealing for hard drawn wire.
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Recrystallisation: The driving force for this process is the decrease of free
energy, which is accomplished through the reduction of the dislocation network
remaining after recovery. From the figure 2.3 it can be seen that in this stage the wire

elongation undergoes rapid and sudden changes from the as-drawn value to the dead

soft or fully annealed property.

[t should be noted that during the period when new grains are forming, the
surrounding deformed matrix might continue to undergo recovery. Recrystallisation
progresses rapidly by the nucleation and growth of new grains, but slows down

considerably when the advancing annealed grains impinge upon each other.

Grain Growth: The previous annealing process (also known as primary
recrystallisation) is considered to be complete when all deformed by new grains, and
all properties are restored to their original values. As the heating process continues,
however, a slow but gradual growth of the polycrystalline grains occurs. This
progressive grain growth is driven by an atomic mechanism that reduces the grain

boundary area, and, therefore, the surface free energy of the conductor.

There are two most common methods of annealing hard drawn conductors 1n

the wire industry employ either the batch process or continuous electrical resistance

annealers.

Harold Hattersley (1995) In-line resistance annealing of wire is a process in
which the wire is heated in a protective atmosphere while moving at some line speed

in order to change the microstructure to provide desired mechanical and electrical

properties.

For copper wire, the specimen that has been cold drawn to area reduction in
excess of 93 percent increases in tensile strength to around 60 to 65 KPSI and

ductility (elongation) reduces to less than 1.5 to 2 percent.

As mentioned above that there are two principle methods of annealing,
continuous electrical resistance annealing is the process used of the factory, therefore,

this process will be much more described in details rather than the other one.



2.3.1 Batch Annealing

Batch annealing inclines to be an isothermal (constant temperature)
annealing process, and the controllable parameters are holding time and
temperature (The wire is held at a constant temperature for specific periods of
time, to achieve the required degree of anneal.). Although each variable is
important, the recrystallisation process is much more sensitive to slight
temperature changes than to variations in time at a fixed temperature. The
adjustable parameter is temperature and time, which are easily controlled.
However, this process is not attractive for high-speed production as most

factory. The reasons are listed as follow.

¢ Very time-consuming,.
¢ Easier to occur non-uniform annealing.

o Inefficiently use of energy

2.3.2 Continuous Electrical Resistance Annealing

Continuous electrical resistance annealing is usually incorporated after
wire drawing process, and the important adjustable parameters are wire speed
and applied voltage. The principle of the process obeys Ohm’s law therefore
the wire moving over pulleys or sheaves that act as electrical contacts
supplying the heating power is heated. The wire attains its maximum peal;

temperature in the annealing leg just as it reaches the last contact pulley

(sheave).

Harold Hattersley (1995) There are several methods used to

apply the voltage to the moving wire listed as follow.

1. Direct-In this method, the wire moves over pulleys or sheaves
which are electrically connected via brushes or mercury contactors
to transformer or other source of electrical power. The wire

therefore becomes a direct part of the electrical circuit. This
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method is commonly used because of the lowest manufacturing
cost. It utilises simple physical concepts, easy to maintain, and
reasonably energy efficient. However, the energy losses occur as
follow

e Heat losses from the wire to the sheave and to the

environment (radiation and convection).
o Electrical power lost through brush voltage drops.
e Friction between annealing contacts against brush friction.

¢ Bearing and seal friction (water pump action)

Induction Resistance-In this method, a special transformer is used
wound in such a manner as to facilitate the passage of wire through
the magnetic field so that the wire forms the secondary of the
transformer circuit. The energy used for this method i1s very
efficient because there is no brushes, belts and drive pulley thereby
the current passes through the wire and not through the sheave.
Therefore, the longer life of contactor is improvéd. However, the
separate cooling section and the special transformer are required

and these may cause a problem.

Straight Induction-The moving wire to be annealed passes
through the centre of a special multi-turn coil formed by winding a
conductor (generally copper) so that the moving wire is placed at_
the centre of strong magnetic field. A high frequency source
supplies power to the induction coil, which in tumn transfer the
power to the wire by transformer action. This method is not
necessary for the wire to make contact with any sheaves for
heating purpose. Therefore the surface damaged is eliminated.
However, the cost of special equipment for annealing is too high

and the separate cooling section and oxidation-free environment

are required.
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Due to the 3 methods metioned, the first method, Direct method, 1s the
method used by the case study factory. In addition, refer to Harold Hattersley
(1995) p69 “The most popular type of electrical resistance annealer is the

direct type.” Therefore, the details of direct type will be addressed further.

> Direct Resistance Annealing

Currently, there are two types of direct resistance annealing available,
which are
e Single-phase design

e Multi-phase design (Three-phase design)

The concept of Single-phase design annealer (See Figure 2 4) are that
the wire will be heated in two steps, which the first step is preheat leg and the
second is anneal leg. The purpose of preheat leg is to reduce the thermal shock
(because the additional time to heat wire 1s provided before enter the anneal
section) when initially heat the wire from the normal temperature. In the pre-
heat section, the wire is generally open to the environment therefore the wire
temperature must not be too high to cause the discoloration. After preheat leg,
the wire will be heated again to the desired temperature in the anneal leg. In
the annealing section, the stream or nitrogen must be used to enclose the wire
in order to prevent the discoloration of wire at the annealing temperature.

Multi-phase design is used to anneal the large wire size. The concept of

multi-phase design is similar to the single-phase design but a great number of

sheave 1s required.

2.4 Cooling Process

Harold Hattersley (1995) The wire is cooled in most resistance annealers by
direct contact with water and/or sheaves immersed in heater, therefore the cooling

mechanism 1s one of both convection (water contact) and conduction (contact with

sheaves or idler wheels).
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In the convection process, it is importance to have turbulent flow patterns to

aid in breaking up the vapour (stream) barrier surrounding the wire to achieve high

convection coeflicients.

The conduction heat transfer, which occurs between the wire and sheaves or
wheels immersed in water is an coefficient way of eliminating the problem of vapour
barrier formation and therefore generally accounts for the most significant portion of

the cooling occurring in modern day annealers.

Harold Hattersley (1995) suggested that “the cooling, quench, water
temperature is also extremely important and if it rises above 120°F (48.9C), will
usually result in ineffective cooling. To ensure a reasonable margin of safety, it is
generally best to maintain quench temperature between 85 and 95 F (29.4 and 35°
C).” In addition, Harold Hattersley also suggests the range of quench temperature as

follow "the quench water temperature should be maintained within + 3 to 5% of a

given setting.”

For the concentration of water-soluble oil, it is generally used in low quantity,
less than one percent. The one- percent of oil is not affect the heat transfer and it is

also improve the spooling and eliminate sticking of wire.

In addition, the level of quench water, in some annealer, should be maintained
sufficiently high in the annealing zone in order to prevent the oxidation, which ma;/
affect the annealing voltage required. The quench temperature is necessary to ensured
at the temperature appropriated when starting state or the annealing may be start

operating when the quench temperature reach the steady state value.

Harold Hattersley summarises the consideration for the proper design of the

quench section as follow

1. Maximising heat transfer

2. Good controls of quench temperature by proper selection of heat

exchangers and temperature control valves.
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3. Effective control of water level in the annealing zone, even at changing

wire speed.
2.5 Guidelines for the Annealing of Nonferrous Wire

The useful guidelines for annealing of nonferrous wire were summarised as

follow.

e Time and temperature should be consulted for the required annealing
schedule. Longer times are alwajs needed at lower temperature for the
same degree of recrystallisation.

e The percent of cold work prior reduction in area affects the
recrystallisation temperature that if the amounts of cold work increase,
therefore, the recrystallisation temperature decrease and the number of
lattice defects increase.

e Metal impurities have extremely large effect upon the recrystallisation
process. All residual impurities and alloying additions raise the
temperature required for annealing.

e The cooling rate (from the annealing temperature) is usually of minor
importance, particularly for high purity metals. At the high level of certain
impurities, the fast cooling rates from elevated temperatures may keep
these eliminate retained in solid solution and therefore make the annealing
process more sluggish. B

e The recrystallisation process can be affected by the amount of prior cold
work, heating rate, impurities content, annealing temperature, holding
time, and grain size. Therefore, the value of temperature should be
considered only as approximation. The increase of annealing temperature
attributed to impurities for copper is quite large.

e At the amount of cold work prior to annealing that higher than 90 percent
reduction in area, the unfavourable annealing textures form in copper
wires, thereby increasing the recrystallisation temperature and strength. In

addition, both of these effects are undesirable for any annealing process.
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2.6 Calculation Method
2.6.1 Percentage of Cold Work

As mentioned previously in the wire drawing process topic that the
copper wire is changed in cross-sectional area as a result of cold working, the
change in cross-sectional area could be measured by calculating the percentage

of cold work (percentage of reduction in area). The calculation formula is

following.

%Cold work = (A¢-Ag)«100/(Ao)
Where: Ac¢is the final cross-sectional area.

Ay 1s the Initial cross-sectional area.

2.6.2 Tensile Strength and %Elongation

Tensile strength is the stress that corresponds to the maximum load in a
tensile test.
Strength = F/ A
Where: F is the max load applied to the specimen.

Ay is the cross-sectional area of specimen.

The ductility measures the amount of deformation that the material can
withstand without breaking. Percentage of Elongation describes the extent te

which the specimen stretches before break.

%Elongation = (I¢-15)-100/1p
Where: I¢is the distance between gage after test.

lp is the initial distance between gage before

test.

2.6.3 Annealing Temperature

The annealing temperature could be calculated by using the equations
from Nonferrous wire handbook (1995) pp.71-74, which the basic concepts

were following,
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The calculation considers the wire in each element, finite length “dl”
(See Figure 2.5), as it moves through the annealer shown in Figure 2.4. The

following formulas were used for calculating the estimation temperature.

T=(c/0)l(e © : % A
Where: T = Temperature of element after time “t” (°F)
(The temperature of the wire is an exponential function
of the time t)
T; = Initial temperature of wire (°F)
0 = Temperature coefficient of resistance (Ohm-in./°F)
o; = Initial resistivity (Ohm-in.) @ temperature T;
;6 =0;+0 (T-T)
K2 = Constant = (BxKxI2)/(CxpxA?)
; K = Conversion factor from electrical energy to heat
energy (BTU/sec. Watt)
I = Current of Pre-heat leg and Anneal leg (Ampere)
C = Specific heat for copper (BTU/ 1b.°F)
p = density of copper (Ibs./in.?)

A = cross-section area (in.?) = (}/4) d?

At the constant velocity (constant wire speed) the relationship between
t and L is linear and therefore the temperature of the wire is increasing

exponentially along the path L between electrical contacts (sheaves).

t =time=L/V
: L = length of wire between contact sheave and point
of interest (Pre-heat leg and Anneal leg)

V = Wire velocity (in./sec, m./min)

2.7 Copper Alloy (Sherif D. El Wakil (1998))

Copper was one of the first metals to be used by human because it could be
found in its metallic form. Now, it is seldom to find copper in its pure form, and it is

usually extracted from ores that contain only 5% copper by weight. Copper and its



alloys have excellent electrical and thermal conductivity as well as corrosion
resistance. In addition, copper has excellent ductility. The preceding properties make
copper the ideal metal for electrical conductors. In fact, more than 80% of all copper
produced is used in the form of pure copper; the remainder is used in many alloy
forms. The major alloying elements in copﬁer alloys include zinc, tin, and nickel.

These are included in copper to change the properties as desired.

2.8 Literature Review

Bhambri, A. K., King, M. G., and Spence, G. L. (1997)

This paper describes an alternate method consisting of Differential Scanning
Calorimeter for determining recrystallisation / annealing behaviour of copper rod. The
correlation of recrystallisation peak data with spiral elongation number and the

application of this technique in monitoring annealability of copper rod during

production.

Carlsson, B. and Huml, P. (1996)
The paper represents the material properties of cold-draw wire. The wire is not
the same in the drawing direction as in the radical direction, due to texture

development. The anisotropy usually remains in the material after annealing and has

therefore an effect on subsequent forming operations.

De Palma, G. (1998) i

For this paper, a study was conducted to make the cable production cycle
simpler through the elimination of operations with no added value and the reduction
of raw material costs. Several possible alternatives were considered. The best
alternative was to divide the process in two phases. The first phase was wire-drawing /
bunching, with out annealing, followed by the second phase of high speed insulation,

with in-line annealing of previously produced hard strand.

The science and engineering of materials.
Donald, R. A.
The information that is useful for the thesis is about cold working and

annealing. For the cold working, wire drawing is a subject that is discussed. It is the
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simultaneous process of deformation and strength the alloy by pass the wire through
the die. The rough effect of cold work on the mechanical properties of copper shown
as the diagram, which represent that the increase in percent cold work will effect the
mechanical properties in term of reduce in percent elongation and increase in strength.
For the annealing, it is a heat treatment that used to eliminate the effect of cold
working. This represents the three stages of annealing (recovery, recrystallisation, and

grain growth) that depend on the annealing temperature.

Frank F. Kraft, Roger N. Wright, and Udayachandran Chakkingal (1991)

This paper is addressed the process metallurgy and to quantify the annealing
response of electrolytic tough pitch (ETP) copper wire in terms of process parameters
and time and temperature by the continuous resistance annealing process. The paper
intents to present the development of useful analytical methods, process simulations,
and testing techniques to provide specific relationships between process parameters
and physical and mechanical material properties. It is also intended that this work be

general enough for application to the widest range of electrical resistance annealing

equipment available.

The paper can be concluded that
» The peak temperature that the wire reaches in a typical industry
annealed can not be measured.
> Annealers of this type are typically set up in production using
operator/industry experience. i
> If heat losses are neglected, the thermal history of the wire is relatively

easily calculated in terms of the general process parameters-wire size

(AWG), line speed, length of annealing and pre-heat legs and voltage.

Frank F. Kraft and Roger N. Wright

The paper is about the equations, which more accurately model the heating

and cooling cycle imposed on the wire by the continuous electrical resistance

annealing process.

The equation suggested for the peak temperature in the leg of annealing is

following.
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T= d-[(e ®“9)-a]
Where
a = 1200(1-aTo)+ hespr AsTL)/(A2:ps Cp)
b = (1200~ horpeAsTo) /( AZps Cy)
¢ = d-In[a+bTy|
d=1/b

The equation is assumed that
> Convection is the dominant heat transfer mechanism.

» Conduction effects along the wire’s axial length are negligible.

> Omission the radiation losses.

Inakazu, N., Kaneno, Y., and Inoue, H. (1994)
The paper describes the parameter of optimum setting period of an
intermediate annealing in production line, fibre texture formation on a drawing

process of fine copper wire. This has been analysed by means of the x-ray diffraction

and transmission electron micrography.

Kim, Y. T., Jang, J. Y., Kang, C. H., and Hahn, K. H. (1990)
The study investigated the effects of subsequent processing variables after rod
fabrication on the flexibility of copper wire. The experiment showed the amount of

deformation before annealing in order to obtain an enamelled wire good flexibility.

Manut Satitjinda; Lecture sheet, Chulalongkorn University
The method of deforming processes and its effect are discussed, including the
advantages and disadvantages of cold working. The plastic characteristic and effect of

speed of deformation on forming processes are another subject that involves.

Menge, R. (1991)

This paper objective is a precise as possible estimate of the temperature
variation over the annealing section in the combined drawing and annealing of copper
alloy and composite wires. This is the basis for extended considerations the design of

combined drawing and annealing installations for the contemplated range of material.
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The properties of engineering materials
Raymond, A. H. )

The non-ferrous metals and alloys topic is the topic that discuss about the
copper and its alloys, which represents the characteristics of copper, the diagram, and

some example of micro-structure of copper and its alloys.

Principles of materials science and engineering
Smith, W. F.

The information is about the metal forming process includes the wire drawing
and method of calculates the percent cold work. The mechanical properties of metals
are also discussed, which include the elongation, the cold plastic deformation of
metal, and the change in tensile strength and elongation vs. percent cold work. The
effect of annealing on the structure and mechanical property changes of a cold worked

metal are a topic that discussed.

Wright, R. N. (1996)

A basic discussion of texture (preferred grain orientation) in copper wire is set
forth, including the roles of deformation and annealing, methods of characterisation,
practical significance, and related process variables and process optimisation. Also,
the relation of die angle to texture and annealing response is summarised, and the

implications for processing for minimisation of springback are examined.



CHAPTER 3

EXISTING PRODUCTION PROBLEMS

Due to the background in Chapterl, percentage of elongation was very
significant for the wire production because there was the pulled forces applied to the
wire in each production process and then the percentage of elongation of wire would
be decreased as a result of production method. The percentage of elongation value

was used to indicate the capability of wire to be elongated.

3.1 Exiéting Production Problems

During the process of insulation, this final process always stopped because of
the wire break, especially, when operated the small diameter wire. A cause of wire

brake in this process was that the wire has no enough elongation in order to withstand

the pull force.

There were 51 series of cable that had to be insulated by the insulation
machine. The following are the top three consumption of the insulation process in
1997, April 1997 to March 1998. (As the experience of planning division, these

always the top three consumption in each year.)

Table 3.1: The top three consumption of the insulation process in 1997,

Sequence of Series Consumption Percent Percent
 series (kms.) Consumption Accumulative
1 7/0.12TA 127,383 31.56 31.56
2 19/0.08TA 112,900 27.98 59.54
3 7/0.16TA 84,382 20.91 80.45
4 The rest 48 series 78,906 19.55 100.00
Total 403,571 100.00
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Figure 3.1: Pareto of Consumption in 1997.

The method of data collection for the number of wire break was changed and
the new method would be used by December 1998, and then the data of wire break
before December 1998 could not be used. The following is the data of wire break
from December 1998 to February 1999.

Table 3.2: Data of wire break from December 1998 to February 1999.

Month Kms/time
7/0.12TA | 19/0.08TA | 7/0.16TA
Dec.'98 127.71 19.23 93.64 i
Jan.'99 51.57 28.13 87.51
Feb.'99 73.38 39.57 84.44

As the data above, 19/0.08TA was the series that was the second most
consumption and occurred the highest defects. Also, the planning division plans that
the consumption trends of this series increase. Then, this series was chosen to

investigate.

The elongation would be decreased after pass each process since tin coat
process to the insulation process. Then, the process before the insulation process

should also be investigated.
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The investigation in the wire-stranding process showed that the wire break
also occurred in this process and the elongation also a cause of wire break in this

process.

The elongation was significant for this process because the capstan pulls the
wire then each single wire would be elongated. The single wire that had no enough
elongation will then break but some of them might not be found in this process. The
defect conductor that sent to the next process, insulation process, would then cause
the problem. Also, the single wire that broke in the wire stranding process and was
not detected would clog at the nipple of insulation process because the overall surface

of conductor was not smooth and it could not pass the nipple.

For the tin coat process, this process also reduced the elongation of each single
wire. The factory set the lowest elongation for this process at 10%, which the wire
that had lower elongation than this figure would then rejected because it would cause
the wire break. From the data collection, the data were between 9.45 and 15.75
percentage of elongation, which there was the reject. The average elongation of
coated wire was 12.49%. However, the standard deviation of the data was 0.92 and
there were some wires that its elongation was lower than the specification and the
wire could be checked only at the end of overall wire, which the elongation in each

period of length was not the same.
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Figure 3.2: Percentage of Elongation of wire from the tin coat processes.
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For the drawing process, the wire was drawn from 8mm to 0.08mm, which the
percentage of cold work was 99%. The 0.08mm wire would then annealed, which the
specification of wire from the drawing process was set at the 15% elongation. The
data collections of elongation in this process were between 16.36 and 17.06%
elongation, which was shown in the following graph. The average of these data was
16.6% and the standard deviation was 1.98. However, wire could also be checked

only at the end of bobbin as tin coat process.
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Figure 3.3: %Elongation of wire from the annealing process

For the annealing process, the factors that involved with the percent
elongation were annealing temperature and coolant temperature. The factory set those
factors as follow

» Voltage = 3340.5 Volt, Current = 17+1.0 Ampere
» Coolant temperature = 60-65 °C

Generally, the data of tin coat and drawing were collected by production
department (not found lower spec product). But, the data of tin coat as shown above
were collected by the engineering department, which can detect the reject product.
For the data of drawing, there were no data collections by the engineering department,

which might be found the lower spec product if collected by this department.
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From the data above, the elongation of the wire in each process was near the

specification. If the percent elongation were increased, the possible of wire break

would then be reduced.
3.2 The Conditions of Annealing Machine for the Existing Production

The details of material, drawing machine, and annealing machine were shown

in Chapter 4. The conditions of the annealing machine for the existing production

were set as follow.

» Input voltage 33V.

> Wire speed 2,000 m/min.(1,312in/sec)
» Running length per bobbin 532 km. (approximately)
» Length of wire in pre-heat section 820.42 mm. (32.3in.)

» Length of wire in annealing section 112.78 mm. (4.44in.)

» Length of wire in cooling section 159 mm. (6.26in.)

» Cooling section: 1 % concentration of oil in water

¢ Turbulent condition during operating.

¢ Flow rates 110 L/min.
¢ Temperature set of coolant in tank 60°C

¢ Actual temperature in (measured) 50°C

¢ Actual temperature out (measured) 59-60°C

From the conditions above, the factors that directly related with the annealing
result were the input voltage, wire speed, and coolant temperature (See Figure 3.4).
The input voltage could be set within the range between 25 and 41V. This factor
would then be varied for the experiment in order to find the different of annealing

result for each input voltage (See details in Chapter4).

For the wire speed, the speed was set at the maximum speed of the machine,
which was 2,000m/min. The wire speed relates directly with the productivity. If the

wire speed was set lower than the maximum speed, the productivity would be
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dropped. The maximum speed would then be required in order to maintain the

maximum productivity. Therefore, this factory would not be adjusted or decreased.

The cooling system was set the cooling temperature at 60°C, which was the
lowest temperature that it could be. This was the result of the system that could not
cool down the temperature of coolant drain because there was no cooler to cool down
the coolant temperature but there was only the heater. In addition, the temperature of
coolant drain was about 60°C, therefore, the heater was never be operated in the

existing condition. This factor would then not be varied in the experiment.

Adjust “Annealing Adjust “Wire Speed” Adjust
Voltage” « .
FEXxisting Production: “Cooling
Existing Production: ¢ 2,000 m/min.(maximum Temperature”
¢ 3305V speed and required speed
of factory)
¢ Affect the productivity if
the wire speed was
changed / decreased.
Annealing Temperature Annealing Time
Change Change
Heat Change
! !

Strength and Elongation Change

Figure 3.4: Diagram of the processing factors affecting the strength and elongation.



CHAPTER 4

EXPERIMENTAL METHODS

The experimental methods of this study can be divided into two groups,
drawing method and annealing method. There are three drawing machines used for
the drawing process, G-class, F-class, and SF-class, and one annealing machine for
annealing process. The 8.0mm diameter of copper rod would be firstly drawn to the
diameter required, 0.08mm diameter, by those three machines and it would then be

annealed by the annealing machine. The overall experimental methods are shown in

Figure 4.1.
4.1 Material and Equipment

4.1.1 Materal

> Soft Bare Copper Rod (See Figure 4.2)
e Type: Electrolytically refined tough pitch copper (ETP-Copper)
e AWG size 1/0 (Approximately)
e Diameter 8.0 mm. (0.3149in.)
e Same lot of raw material used during the experiments.

» Specification and Composition of Copper rod (See Table 4.1, 4.2)

4.1.2 Copper Wire Production Equipment

Copper wire production process in this study consists of 1) drawing

machine and 2) annealing machine, which the details of both machines are

following. Y

1. Drawing machine

(a) Brand: SHOWA; G-Class drawing machine (See Figure 4.3)
» Model: AH-11+VC-610

e The numbers of maximum dies for this machine are 11

dies and the diameter of vertical coiler is 610mm.
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Copper Wire Process ‘l

Conditions and Characterisation

Drawing section

Raw—materla]

(Smm dlameter____Soii <

Fixed conditions:
1. Die size

2. Number of die
3. Lubricant

4. Wire speed

hard drawn wire) -

Annealing section

l

A_ ~Annealing Process

Copper wire characterisation:
1. Mechanical properties
characterisation
e Percentage of Elongation
e Strength
2. Microstructure characterisation
e Cross-sectional area
e Longitudinal direction

i

Copper W1re

(0.08mm dlameter -

annealed dra.wn

wire) =

Variable conditions:
1. Voltage (25V.-41V.))
2. Wire speed (2,000 m/min.)

Copper wire characterisation:
1. Mechanical properties

characterisation
e Percentage of Elongation
e Strength

2. Microstructure characterisation
e (Cross-sectional area
e Longitudinal direction

Figure 4.1: Experimental diagram
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Figure 4.2: 8mm. diameter; Soft Bare Copper Rod (Raw material).

Raw material
(8mm.diameter
soft bare copper
rod)

Drawing section (from 8mm to 2.6mm.)

Figure 4.3: G-Class drawing machine.
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Table 4.1: Specification of Copper Rod 8 mm. diameter (Tested by supplier)

Test Items Unit Spec. Test Result

L Max. value | Min. value |Mean value
Appearance - As Spec. Good

Diameter of wire mm 7.62-8.38 8.08 8.00 8.043
Conductivity at 20°C % Min.100 101.50 101.40 101.47
Tensile Strength Kgf/mm® | Max. 27 24.20 24.00 24.10
Elongation % Min. 30 42.70 40.70 41.43
Copper % Min. 99.90 99.96

Table 4.2: Composition of Copper Rod 8 mm.-diameter (Tested by supplier)

Assay Certificate | Unit Spec. Results
Cu % | Min. 99.90 |99.96-99.97
Ag PPM 25 5.99
As PPM 5 2.13
Bi PPM 1 <0.70
Fe PPM 10 <1.0
Ni PPM 10 <0.40
Pb PPM 5 <1.0
S PPM 15 1.16
Se PPM 2 <0.541
Sb PPM 4 <2.0
Sn PPM 5 <2.0
Te PPM 2 <2.0
O PPM| 100~650 | 257~360




e There are 9 dies used for this machine. The die
schedule is shown in the Table 4.3.
» Type: Drawing machine without annealing set.

» Function: Drawn 8.0mm. diameter to 2.6 mm. diameter.

(b) Brand: SAIKAWA,; F-Class drawing machine (See Figure
4.4)
» Model: CH-17+S-250+VD-560
e The numbers of maximum dies for this machine are 17
dies and the diameter of spooler and vertical coiler are
250 mm and 560 mm, respectively.
e There are 13 dies used for this machine. The die
schedule is shown in the Table 4.4.
» Type: Drawing machine without annealing set.

> Function: Drawn 2.6mm. diameter to 0.6 mm. diameter.

(c) Brand: SAIKAWA,; SF-Class drawing machine(See Figure
4.5,4.6)
» Model: SA-20 (No.DW-411)
e The numbers of maximum dies for this machine are 20
dies.
e There are 20 dies used for this machine. The die
schedule is shown in the Table 4.5.
» Type: Drawing machine with annealing set.

» Function: Drawn 0.6mm. diameter to 0.08mm. diameter.

2. Annealing machine

The model of annealing machine used for the experiment
was the same machine model used for the daily production. It was
the machine that includes both drawing system and annealing

system. The machine selected was coded DW-411.



Table 4.3: Die schedule for G-Class drawing machine

Die number| Die diameter (mm.)
1 7.2

6.0

5.4

4.7

42

3.7

33

29

2.6

Wi 0| wi onf w»i Al Wi N

Table 4.4: Die schedule for F-Class drawing machine

Die number | Die diameter (mm.)
1 230
2 2.00
3 1.75
4 1.55
5 1.40
6 1.25
i 1.12
8 1.00
9 0.90
10 0.81
11 0.73
12 0.66
13 0.60




2.6mm.diameter
from G-class
drawing machine
supplied to F-class
drawing machine.

Drawing section of F-class
drawing machine.

Figure 4. 4: F-Class drawing machine.

40
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Annealing
section

SF-class drawing section

0.6mm.diameter from F-class

drawing machine supplied to SF-
class drawing.

Figure 4.5: SF-Class drawing/ annealing machine.

Lubricant pipe

Die set

Figure 4.6: SF-Class drawing section.



Table 4.5: Die schedule for SF-Class drawing machine

Die number | Die diameter (mm.)
1 0.525
2 0.461
3 0.405
4 0.359
5 0.32
6 0.285
7 0.257
8 0.231
9 0.211
10 0.193
11 0.175
12 0.16
13 0.146
14 0.134
15 0.123
16 0.113
17 0.104
18 0.096
19 0.089
20 0.082




The annealing machine used in this study was the machine
that was supplied the 0.08mm diameter of hard drawn wire from
the SF-class drawing machine. The type of annealing system was
the single phase-continuous electrical resistance annealing, 3-
sheave type. The method used to apply the voltage to the wire of
this machine is “Direct method”. The model and function of

machine is following

» Brand: SAIKAWA (See Figure 4.5, 4.7)
e Model: SA-20

e Function: Anneal 0.08mm diameter of hard drawn wire.

The machine could be separated into five sections shown as

follow.

1) Heating section (Annealing section) (See Figure 4.7)

» Copper sheave: electrical pole

e Diameter 100 mm.

e 1% and 3™ sheave are the - pole.

o 2" sheave is the + pole.
» Pre-heat section '

o Length (Distance between 1% and 2™ copper sheave

, fixed) 820.42 mm.(32.3in.)

» Annealing section

e Length (Distance between 2" copper sheave and point before

enter the cooling section, fixed) 112.78 mm.(4.441in.)

2) Guide and Support section (See Figure 4.7)

> Plastic roller (white colour)
e Diameter 7 mm.

e Diameter 9 mm.



| Plastic roller

(7,9 mm.)

Copper sheave

() pole

Pre-heat
section

Copper sheave

(+) pole

Annealing
section

Cooling
section

Copper sheave
(-) pole

0.08 mm-
diameter
hard wire
(from SF-
drawing
machine)

0.08 mm-
diameter
annealed
wire (from
annealing
section)

Figure 4.7: Pre-heat, annealing, and cooling section of annealing machine.

On
Switch

Figure 4 .8:

Display

Off Switch

Speed metre
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3) FElectrical control section

» Voltage switch: Adjust the voltage for pre-heat and annealing

section.
» Voltage metre: Measure and Display the voltage.

> Ampere metre for annealing section. Measure and Display the

annealing ampere.

» Main annealing switch: Turn on/off the electricity for pre-heat and

annealing section.

» Emergency switch: Immediately stop the machine.

4) Counter Metre

> Set the length of wire required to produce per bobbin.
» Count/ Display the length of wire produced.

» Slow down the wire speed when the length meet the length set.

5) Speed Metre (See Figure 4.8)

» Display the wire speed.
> Supply the electricity to the wire at the speed set.

» Cut off the electricity supplied to the wire.
6) Cooling section (See Figure 4.7, 4.9, 4.10)

» Turbulent condition during operating
> Length of wire in the cooling section (fixed) 159 mm. (6.26in.)
» Coolant: 1 % concentration of oil in water

e Flow rates 110 L/min.

e Temperature set of coolant in tank 60°C

e Actual temperature in (measured)  50°C (approximately)

e Actual temperature out (measured) 59-60°C



Drain
pipe from
cooling
section

Cool water
pipe (supply
cool water
from outside
tank)

Coolant
pipe
(supply
coolant to
cooling
section

Figure 4.9: Cooling supporting system.

Display
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Heater

Pump

Thermostat

Adjustable
switch

Figure 4.10: Coolant temperature metre and adjusted switch
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» Coolant pump: Move coolant from tank to cooling zone.
e 3-phase electrical oil pump (Brand: Fuji electric)
e Type: VKPO81A (200V, 50Hz, 4heads-2poles)
> Heater: Heating up the coolant temperature.
e The heater will be automatically turned on if the temperature of

coolant in the tank is lower than temperature set.

4.2 Experimental Procedure

As mentioned previously that there are two groups of machine used, the

following are the procedure of drawing and annealing.

4.2.1 Drawing Method (See Figure 1.2 in Chapter1)

The drawing process is used to reduce the diameter of wire. The
drawing process used is the cold drawing process. Due to the Diagram
shown in Figure 4.11, the 8.0mm diameter of soft bare copper rod wili
be firstly drawn to 2.6mm diameter by the G-class drawing machine.
The 2.6mm diameter will be drawn to 0.6mm diameter by F-class
drawing machine. Finally, the 0.6mm diameter will be drawn to
0.08mm diameter by SF-class drawing machine. The 2.6, 0.6, and
0.08mm diameter from the drawing machine are called hard wire (hard
wire 1is the wire that is not annealed after the wire is drawn.). The wire
1s drawn by passing through the dies, which the number of die used for
each type of drawing machine are different. The lubricant is necessary
during the drawing process. It is used to reduce the friction between

dies and wire and reduce the heat occurring as a result of friction.

The drawing method is the same for each drawing process.

1. Setting the drawing conditions.
2. Check the level of lubricant.

3. Pass the wire through the dies and roller and then reel the

wire end to the bobbin.
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Raw material: 8 mm.

diameter (Copper rod)

G-class drawing machine

2.6 mm. diameter
(Hard wire)

F-class drawing machine

0.6 mm. diameter
(Hard wire)

SF-class drawing machine

A 4

0.08 mm. diameter
(Hard wire)

Annealing machine

0.08 mm. diameter
(Annealed wire)

“igure 4.11: Diagram of the process of producing 0.08 mm. diameter (annealed wire)

from 8 mm. diameter (soft bare copper rod)
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Turn on the lubricant switch and start switch.
Turn the machine off-
Change new bobbin instead of finished one.

Repeat steps one through six for each additional operation.

4.2.2 Annealing Method (See Figure 4.11)

1. Setting the annealing machine.

The conditions of experiment are set as follow.

Variable condition:

» Input voltage

e 1% experiment 25V.

o 2" experiment 27V.

o 3" experiment 29V.

e 4™experiment 31V.

o 5" experiment 33V.

o 6" experiment 35V.

e 7" experiment 37V.

o 8" experiment 39V.

o 9™ experiment 41V.

Fixed conditions:

> Wire speed 2,000 m/min(1,312in/sec)
> Running length per bobbin 5,000 m.
» Length of wire in pre-heat section 820.42 mm. (32.31n.)
> Length of wire in annealing section112.78 mm. (4.44in.)
» Length of wire in cooling section 159 mm. (6.261n.)
» Conditions of cooling section are set as normal production.

o Turbulent condition during operating.
o Flow rates 110 L/min.

e Temperature set of coolant in tank 60°C
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2. Check the level of coolant in the tank.

98]

Pass the hard wire through the copper sheave and plastic
rollers and then reel the wire end to the bobbin.

Turn on the annealing switch and start switch.

Press emergency switch when the wire length is 5,000 m.

Change new bobbin instead of finished one.

R A

Repeat steps one through six for each experiment.
4.3 Copper Wire Characterisation

4.3.1 Mechanical Characterisation

The mechanical properties of wire were characterised using the tensile
testing machine, which was SAIKAWA,; with model ET-100 (See Figure
4.12). The testing conditions of percentage of elongation for this study were

set the test load of 20 kgf and cross-head speed of 150 mm/min.

> Brand: SAIKAWA
e Model: ET-100
e Test type: percentage of Elongation, Strength
e Load cell (Load detection device) 20 kgf.
e Cross-head speed 150 mm/min.

Wire from each bobbin was tested to determine the elongation and
strength in order to find the change in mechanical properties for each

experiment. The procedure of testing was as following.

1. Prepare the samples by cutting the wire at the appropriate length.
2. Setting the machine conditions as follow

> Set the test method to ‘auto’

> Set cross-head speed (150 mm./min.)

» Input the diameter of sample wire (0.08 mm.)

3. Ties the prepared wire with upper and lower core of tensile testing

machine.
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e ]
Upper
core

Printer

Lower

core

Test speed - || Mode

adjusted switch switch

Figure 4.12: Tensile testing machine

Figure 4.13: Scanning Electron Microscopes (SEM); (JEOL brand: model JSM-
6600F)
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4. Press the start button.

5. Wait unit wire is broken. (The lower core will move back to the
initial position.)

6. Print the test result.

7. Release the breakage wire and repeat steps three to six for

additional test.

Since, the average value of percentage of elongation and strength of
the sample tested would be used to analyse further, therefore, the number of
sample tested per bobbin was 30 samples. Because the average value of
sample can represent the average value of population if the number of sample
tested are at least 30 samples (refer to page 11 Section7 of “ASM Module
handout™ University of Warwick 1998 “Central Limit Theorem (CLT): If the
size of sample is sufficiently large (n>30) then the distribution of the sample
means will approximate a Normal distribution, regardless of the actual shape
of the populations that the samples were taken from.").

4.3.2 Microstructure Characterisation

The samples were collected by reeled to bobbin for each experiment
and named such as “25 V”” means that the samples from the experiment that
supplies 25 voltage to the wire. These samples collected would be scanned its
microstructure for each experiment by Scanning Electron Microscopes (SEM)
(See Figure 4.13), which was JEOL with model JSM-6600F and the
specification of this machine is 0.6nm-resolution and x25 to x2,000 (LM
mode), x500 to x650,000 for magntification.

The microstructure of the samples tested with varying voltage
between 29V -39V was analysed by using Scanning Electron Microscopes
(SEM). The method used for SEM was the following steps.
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1. Prepare the sample (The preparation procedures are the same for
the preparation of both cross-section area and longitudinal area.)
» Pour the cold resin into the mould that hold the sample wire
» Bring the solid resin, which contains the sample wire, from
the mould
» Abrasive the solid resin by the abrasive wheel
» Erode the surface of sample by the acid
» Coat the sample with gold
2. Insert the sample prepared into Scanning Electron Microscopes .
(SEM).
3. Adjust the focus until see the clear picture and then take the photo

of the copper wire’s grain.

4.4 Statistical Analysis Method

The linear regression would be used as an analysis method in order to find the
relationship between strength and annealing voltage and percentage of elongation and
annealing voltage. The correlation coefficient (r-test) was the approach used to test

the significant of the regression relationship and would also be found the confident

interval with 95% confidence.



CHAPTER 5

EXPERIMENTAL RESULTS

The experimental results consist of two parts, which were drawing results and
annealing results. Both parts were divided into two groups, mechanical properties and

microstructures results. The details were following.

5.1 Drawing Results

For the drawing process, the copper wires investigated were 8.0mm, 2.6mm,
0.6mm, and 0.08mm. The 8.0mm diameter was the soft bare copper rod and the
others were the hard drawn wires (non-annealed drawn wire). The mechanical

properties and microstructure of sample wires were investigated and the results were

following.

5.1.1 Mechanical Properties Results

The information involved with the drawing process in term of
mechanical properties, which were percentage of cold word, percentage of

elongation, and strength, were collected and concluded in the Table 5.1.

5.1.2 Microstructure Results

The samples were scanned the microstructure in two directions, cross-
sectional and longitudinal area. Figure 5.1, 5.2, 5.3, and 5.4 illustrated the

microstructure of 8.0mm, 2.6mm, 0.6mm, 0.08mm diameter, respectively.



Table 5.1: Mechanical property results of copper before and after cold drawing.

Diameter |% Cold|Elongationi Standard| Strength : Standard N
ote
(mm.) Work (%) ideviation| (kgf/mm?) :deviation
8.0 Test of
0.00 41.43 - 24.10 - )
(Copper rod) supplier
No testing
2.6
) 89.44 - - - - machine
(Hard wire) .
available
No testin
0.6 s
) 99.44 - - - - machine
(Hard wire) )
available
0.08 Data
) 99.99 2.40 0.14 33.50 1.52 )
(Hard wire) collection

Remark: “Hard Wire” is the drawn copper wire without heat treatment.
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sectional area

(a): Cross-

(b)’ Longitudinal direction

SEM of copper rod with the diameter of 8.0 mm before drawing

Figure 5.1:

000)

(magnification of 2,
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(B) .Longithdinal are:a

Figure 5.2. SEM of copper wire with the diameter of 2.6mm after drawing
(magnification of 4,000)
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(a): Cross-sectional area

Figure 5.3: SEM of copper wire with the diameter of 0.6mm after drawing
(magnification of 5,000 and 8,000)
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(b): Longitudir‘la'l area

Figure 5.4: SEM of copper wire with the diameter of 0.08mm after drawing
(magnification of 8,000)
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5.2 Annealing Results

The 0.08mm diameter of hard drawn wire was annealed by the annealing
machine with the variable in voltage supplied for each experiment. As mentioned in
Chapter 4, the voltages supplied were 25V, 27V, 29V, 31V, 33V, 35V, 37V, 39V and

41V. The results of mechanical property and microstructure were illustrated as

follow.

5.2.1 Mechanical Properties Results

The samples would be examined the percentage of elongation and
strength at each voltage. The average values examined for each experiment
were shown in Table 5.2 and these average values could represents the
average value of population as mentioned in Chapter4. In addition, the
standard deviation of each experiment was also calculated in order to represent

the dispersion of each data group.

The annealing temperature and ampere of both pre-heat and annealing
were required for the calculation of annealing temperature and related with the
voltage supplied to the copper wire, therefore, both pre-heat and annealing

ampere at each voltage were collected. (See Table 5.3)

From the Table 5.2, percentage of elongation and strength could be
plotted with the voltage supplied. See Figure 5.5, the graph represents the
relationship between percentage of elongation, strength and voltage supplied.
Graph showed that percentage of elongation increased if the voltage increased
from 25V to 39V but it decreased after 39V and strength decreased if the

voltage increased from 25V to 33V but it increased from 33V to 39V, however

it decreased again after 39V.

Table 5.3 shows the pre-heat and annealing ampere at each voltage

supplied of the experiments. The data could be plotted into one graph as

shown in Figure 5.6.
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Table 5.2: The results of mechanical properties of copper wire after annealing with

variation of voltages.

Average of | Standard |Average of| Standard
Voltage | %oelongation | Deviation of | strength | Deviation of

%elongation strength
25 1.43 0.24 35.62 2.73
27 3.34 0.98 31.44 2.78
29 7.94 1.26 30.25 3.36
31 11.95 1.29 30.05 5.82
33 18.21 1.03 2428 2.26
35 21.43 1.13 27.66 3.17
37 24.10 1.26 27.86 1.62
39% 25.14 1.11 32.64 5.07
41* 24.37 0.78 31.04 1.92

* The drawn copper wires were discoloration.

Table 5.3: The result of current ampere varied with voltage.

Voltage| Pre-heat ampere (A) | Annealing ampere (A)
25 5.6 14.6
27 5.9 15.1
29 6.2 15.8
31 6.5 16.2
33 6.7 16.4
35 7.0 16.7
37 712 17.0
39 7.3 17.2
41 7.5 17.4
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Figure 5.5: The relationship of Average of Percentage of Elongation and Strength

versus Annealing voltage of 0.08mm diameter of annealed cooper wire.
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voltage of 0.08mm diameter of annealed copper wire.
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5.2.2 Microstructure Results

The microstructure of samples scanned were the samples from the
following experiments, 29V, 31V, 33V, 35V, 37V, and 39V. The samples.
were scanned in two directions, cross-sectional and longitudinal area. Figure

57, 5.8, 59, 510, 5.11, and 5.12 represent the microstructure of samples

respectively.
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(b) Longltudlr;al direction

Figure 5.7: SEM of copper wire with the diameter of 0.08 mm after drawing under
29V. (magnification of 8,000)
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(b): Longitudinal direction

Figure 5.8: SEM of copper wire with the diameter of 0.08 mm after drawing under
31V (magnification of 8,000)
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(a): Cross-sectional area

‘Figure 5.9: SEM of copper wire with the diameter of 0.08 mm after drawing under
33V (magnification of 8,000)
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e LN

(a): Cross-sectional area

Figure 5.10: SEM of copper wire with the diameter of 0.08 mm after drawing under
35V (magnification of 8,000)
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Figure 5.11: SEM of copper wire with the diameter of 0.08 mm after drawing under
37V (magnification of 8,000)
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(b): Lonéitudial direction

Figure 5.12: SEM of copper wire with the diameter of 0.08 mm after drawing under
39V (magnification of 8,000)
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5.3 Statistical Analysis Results

From Table 5.2 and Figure 5.5, the significant of the relationship between
strength and annealing voltage and between percentage of elongation and annealing

voltage could be tested by the Correlation coefficient (r-test).

Due the graph of strength and annealing voltage, the data at voltage of 33, 39,
and 41 should be deleted because of the errors found. The errors were found in term
of the porosity at voltage of 33 and discoloration at voltage of 39 and 41. Hence, the
new graph for strength and annealing voltage could be plotted as Figure 5.13. For the
graph between percentage of elongation and annealing voltage, the discoloration were

found at voltage of 39 and 41, it could then be plotted as Figure 5.14.

For the graph between strength (y) and annealing voltage (x), Figure 5.13,
showed that the relationship was significant with correlation coefficient (r) of 0.908.

The relationship was showed in the following equation.
y = 47.97-0.57x

From the equation above, the confident interval on the intercept and the slope

with 95% confidence was between 36.63 and 59.32, -0.94 and —0.20, respectively.

For the graph between percentage of elongation (y) and annealing voltage (x),
Figure 5.14, showed that the relationship was significant with correlation coefficient
(r) of 0.993. The relationship was showed in the following equation.

= -50.73+2.04x

From the equation above, the confident interval on the intercept and the slope

with 95% confidence was between —59.35 and —42.11, 1.77 and 2.32, respectively.
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Figure 5.13: The relationship of Average of strength versus Annealing voltage of

0.08mm diameter of annealed copper wire and the regression graph.
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CHAPTER 6

DISCUSSIONS

6.1 Drawing Process
6.1.1 Mechanical Properties

From Table 5.1 in Chapter 5, 8.0mm diameter of copper rod (its
percentage of elongation and strength were 41.43 and 2.40, respectively) was
firstly drawn to 2.6mm diameter, which the percentage of cold work was
89.44. The 2.6mm diameter of copper wire was drawn again to the 0.6mm
diameter, which the percentage of cold work was 99.44. Finally, the 0.6mm
diameter was drawn to 0.08mm diameter, which the percentage of cold work

was 99.99, and also the percentage of elongation and strength were 2.4 and

31.25, respectively.

From the result, the percentage of cold work increased with the
decreasing of the drawn wire diameter. Comparing between 8. 0mm diameter
of copper rod and 0.08mm diameter of copper wire that the percentage of cold
work was 99.99, the percentage of elongation was vastly decreased, but the
strength was increased. Therefore, the higher the percentage of cold work, the

greater the tensile strength but lower the percentage of elongation.

6.1.2 Microstructure

Due to the Figure 5.1-5.4, the estimated grain size of each figure was
concluded in Table 6.1 and the relationship between Grain size in both
directions and percentage of Cold work was shown in Figure 6.1. In cross
sectional area, if the percentage of cold work increased, the grain size would
be decreased. But, the grain size in the longitudinal direction depended on the
amount of cold work that if the high amount of cold work was applied to the
wire, the grain would be broken/cracked, therefore, the high amount of cold

work shortened the grain size in longitudinal direction.
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Table 6.1: Average grain size of copper wire with percentage of cold work.

Diameter | % Cold Work | Cross-sectional area |Longitudinal direction (pm.)
(mm.) (um.) Length Width
8.0 0.00 6.82 7.50 6.67
2.6 89.44 3.41 23.75 3.00
0.6 99.44 2.09 15.60 1.94
0.08H 99.99 0.89 1.61 1.00

Table 6.2: The change of percentage of elongation and strength of 0.08mm diameter

of copper wire.

Voltage %Elongationé Change | Strength Change
25 LB | - 35.62 -
27 3.34 ' 1.91 31.44 -4.18
29 7.94 4.60 30.25 -1.19
31 11.95 4.01 30.05 -0.20
33 18.21 6.26 2428 | -8.77
35 2143 3.22 27.66 3.38
37 24.10 2.67 27.86 0.20

39* 25.14 1.04 32.64 4.78
41* 24.37 -0.77 31.04 -1.60

* The drawn copper wires were discoloration.

Table 6.3: Average grain size of 0.08mm diameter of copper wire.

Voltage Cross-sectional area [Longitudinal direction (um.)
supplied (um.) Length Width

29 0.69 0.70 0.94

31 0.82 0.87 1.07

33 1.44 3.00 1.36

35 1.56 3.90 1.5

37 1.70 2.81 1.67

39 2.08 6.25 2.08
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From Figure 5.1-5.4 and Table 6.1, the grain size decreased if the percentage
of cold work increased. Therefore, the higher the percentage of cold work, the

lower the grain size.

The porosity was mostly found in Figure 5.4 and the porosity found
might be the porosity that were the result of high amount of cold work or raw

material quality. These could affect the final quality of copper wire in term of

mechanical properties.

6.2 Annealing Process

6.2.1 Mechanical Properties

Due to Figure 5.5, the square graph showed the relationship between
strength and annealing voltage and the relationships between percentage of

elongation and annealing voltage were shown in the trapezoid graph.

For the tensile strength of wire, it was decreased until reach the
minimum point at 33V, which was the result of high amount of porosity
found, in the range of voltage between 25V and 41V. However, the strength

would be increased if the voltage supplied were 39V and 41V, occurred the

discoloration.

For the relationship between percentage of elongation and annealing
voltage shown in the trapezoid graph, the percentage of elongation increased
when the annealing voltage increased in the period of 25V to 39V but the

percentage of elongation would be decreased if the annealing voltage applied

was over 39V.

Additionally, the increasing of percentage of elongation between 31V
and 33V were the highest. The increasing between 27V and 31V were higher
than the increasing between 33V and 37V and the increasing between 25V and

27V were the lowest comparing with the previous intervals. The decreasing
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occurs if the annealing voltage applied was higher than 39V. (See Table 6.2

for the change of percentage of elongation for each experiment)

The highest value of the average of percentage of elongation was
25.14%, which occurred if the annealing voltage applied was 39V. However,
there were two major factors for investigating the quality of copper conductor
during the production that must be considered, which the first is the
percentage of elongation and the second is the discoloration of wire. Due to
the experiment, the discoloration occurred if the annealing voltage applied
was higher than 37V, therefore, the appropriate highest annealing voltage that
could be supplied to the wire without discoloration was 37V, which the

average of percentage of elongation at 37V was 24.1%.

6.2.2 Microstructure

From the Figure 5.7 to 5.12, the grain size of each experiment in both
cross-sectional area and longitudinal direction were measured and concluded
in Table 6.3 and the relationship between Grain size in both directions and
Voltage supplied was shown in Figure 6.2. From the table, the grain sizes in
cross-sectional area and the length of grain in longitudinal direction increased

if the voltage supplied was increased.

The strength of material can be determined by the porosity because
they decrease the cross sectional area over which a load is applied. Hence, the
strength that material can support was lower when the higher porosity found.
Due to the figure 5.9, which was the experiment of 33V, if comparing it with
other figures, the porosity was mostly found in Figure 5.9. In addition, the
strength measured for the experiment of 33V, shown in Figure 5.5, was the

lowest. Hence, the higher the porosity found, the lower the wire strength.

As mentioned previously that the grain size increased if the voltage
applied was increased, from Figure 5.5, the largest grain size found at the

experiment of 39 V, which had the highest of percentage of elongation in the
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range of voltage between 29 and 39 (See Table 6.2, 6.3, and Figure 6.2).

Therefore, the larger the grain size, the higher the percentage of elongation.

6.2.3 Estimation of Annealed Wire Temperature

Since, the main factor that affects the percentage of elongation was the
temperature of wire in the heat treatment procesé. Hence, the temperature
should be concerned. Due to the annealing method used of the factory, the
temperature of wire depends on the voltage supplied, which was measured by
voltage metre of the annealing machine. However, the wire temperature could
not be measured because there was no equipment available. In addition, Frank
F. Kraft, Roger N. Wright, and Udayachandran Chakkingal (1991) discussed
that “the peak temperature that the wire reaches in a typical industry annealed
not measured” and Harold Hattersley (1995) advised the calculation method
for wire temperature. Therefore, the temperature of wire could only be known

by calculation, which the calculation method was mentioned in Chapter 2.

The calculation result of estimated wire temperature in ordinary

condition, which the calculation procedure was illustrated in Appendix A, was

shown in Table 6.4 and Figure 6.3.

From the calculation result (See Table 6.4), the estimated peak
temperature was 1,380°C (2,516°F), which was higher than the melting point
of pure copper, which was 1,083°C (1981°F), but the copper wire used
included impurities, which increased the melting point, therefore, the melting

point of copper wire used was higher than the melting point of pure copper.

The estimated temperature could be either possible or impossible. It
could possible, because, the time used for the annealing was only 0.0034sec,
furthermore, the time that wire temperature was over the melting point during
the annealing process was just 0.0008sec. Therefore, the peak temperature that

was higher than the melting point in very short period of time might not affect

the copper wire.



78

Table 6.4: Estimation result of annealed wire temperature in the heat treatment

process.
Length of wire (cm)| Temperature (° C)
Pre-heat 0.00 45.00
Pre-heat 152.40 95.33
Pre-heat 304.80 156.37
Pre-heat 457.20 230.40
Pre-heat 609.60 320.17
Pre-heat 762.00 429.04
Pre-heat 820.42 476.67
Anneal 905.40 1,080.92
Anneal 93320 1,379.99
1,400.00 - — = et e
1,300.00 : )I /
1,200.00 | 7/
1,100.00 7
1,000.00 / T
S 9000 /—
% 800.00 /' T
@ 700.00 / |
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400.00 EP e —
300.00 — ‘
200,00 N st
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10000 +—————
0.00
000 15240 30480 45720 60960 76200 82042 90540 933.20
y Length of wire (crm) -
_ | Pre-heat ! Anneal
( —o— Tenrperature (C)

Figure 6.3: The relationship between Annealing temperature and Length of wire. |
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However, there were many factors required to know for the calculation
such as air velocity in the annealing machine, the actual wire speed as a result
of slip between wire and sheaves, etc but it was impractical to measure some
of these factors in the actual production. Additionally, the formula used was
not included the loss in practical production such as the efficiency of carbon
brush and annealing sheave ring that affected the result in term of the actual
voltage supplied, the actual convection and conduction of wire, etc. Therefore,

the result might impossible and the application for more possibie result was

required.

From the reason mentioned, the result was still the estimated
temperature, which was the result of experiment of 33V (existing production
condition) and was not exactly accurate and could not completely concluded.

Hence, the calculations for other voltages were not conducted.

As mentioned previously, the voltage supplied related with the wire
temperature, which should be known in order to represent the relationship
between voltage and wire temperature. Therefore, the wire temperature was
significant and the calculation of wire temperature might be continuing

studied in details for such related factors as the future work.

6.2.4 Cooling Section of the Annealing Process

The temperature of coolant was 50°C approximately. But Harold
Hattersley (1995) suggested about the coolant temperature that “7o ensure a
reasonable margin of safety, it is generally best to maintain quench
temperature between 29.4 and 35°C.” and “ The cooling water temperature is

also extremely importance and if it rises above 48.9°C, will usually result in

ineffective cooling.”.

The cooling temperature at 50°C was not maintained in the suitable
range of cooling temperature. However, this temperature was set as the lowest
temperature as possible that the machine could be set because this machine

had only the heater to heat up the drain water from cooling section. Therefore,
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the cooling unit should be applied for this machine in order to maintain the

cooling temperature within the range required, which is generally between

29.4 and 35°C.



CHAPTER 7

CONCLUSIONS

The study focused on the annealing process for the drawn fine copper wire,
which the type of annealing machine of the factory is the single phase-continuous
electrical resistance annealing, 3-sheave type. The study also covered the drawing
process, which was the previous process of the annealing process. The mechanical
properties and microstructure of copper, 8.0mm, 2.6mm, 0.6mm, 0.08mm(hard wire),

and 0.08mm(annealed wire in various voltage) diameter, were investigated.

7.1 Conclusions

After the experimental results were discussed, the conclusion can be drawn as

follow.

1. By increasing the percentage of cold work, the strength would be
increased, the percentage of elongation and grain size would be decreased.

2. By increasing the voltage supplied to 0.08mm diameter of hard drawn
copper wire from 25V to 39V, the percentage of elongation and grain size
increased but the percentage of elongation decreased if voltage supplied
was higher than 39V (See Figure 2.3, 3.1, and 5.6).

3. The discoloration occurred if the voltage supplied was higher than 37V.

4. The appropriate annealing voltage that could supplied to the wire without
discoloration was 37V, which the percentage of elongation at 37V was
24.1%.

5. The estimation of annealed peak temperature of wire at the voltage of 33
was 2,516°F (1,380°C).

6. The large size and high amount of porosity decreased the wire strength,
which the lowest strength was 24.28 kgf/mm? found at the experiment of
33V, which was mostly found the porosity.

7. The porosity was found in any figures of annealed copper grain. This was
the result from high amount of cold work and/or copper rod quality, which

should be checked with the supplier.
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8. The cooling temperature of the cooling section was too high. Therefore,
the cooling unit should be applied for the annealing machine in order to

maintain the coolant within the appropriate range, which was between 29.4
and 35°C.

7.2 Further Research

Due to the result in Chapter5 and the discussion in Chapter6 for the estimation
of annealed wire temperature, the estimated peak temperature of annealing voltage of
33 was over the melting point of copper. This might be the result from some
immeasurable factors used for calculation, which were, for example, the air velocity
in the annealing machine, the actual wire speed affected by the slip between wire and
sheaves, the efficiency of carbon brush and annealing sheave ring that affected the
result in term of the actual voltage supplied, the actual convection and conduction of

wire, etc. The temperature estimated might then incorrect.

Therefore, the immeasurable factors mentioned should be studied in details as
the further study in order to pursue finding the accurate peak temperature of copper

wire in the annealing process without assuming the immeasurable factors.

Due to the cooling temperature discussed in Chapter6 that cooling unit should
be applied for the machine, this could be studied further for the properties of copper
wire by (1) changing the cooling temperature within the appropriate range, 29.4-35°C.

(2) controlling of cooling rate that might also affect/change the properties of copper

wire.
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Calculation Method for Annealing Temperature

T = (6/0)[(e 217+ T,

Where: T = Temperature of element after time “t” (°F)

Ti = Initial temperature of wire (°F) = 113°F (45°C)

6 = Temperature coefficient of resistance

= 1.78x10” Ohm-in./°F
ol = Initial resistivity @ temperature Ti
; 0 =0i+0 (T-Ti)

oi = 6.78x107 Ohm-in. (at 20°C, 68°F)

K2= Constant = (BxKxI?)/(CxpxA?)
; K = Conversion factor from electrical energy to
heat energy

= 0.0009478 BTU/sec. Watt

= Current (Referred to experiment of 33V, Table
5.3}

= 6.7 Amp. (Pre-heat leg),
=16.4 Amp. (Anneal leg)

C = Specific heat for copper = 0.092 BTU/ 1b.°F

p =density of copper =0.3213 lbs./in.?

A = cross-section area = (/4) d?
= (/4) x (0.00315)2
=7.79%107 in.2(0.005mm.?)

= time = L/V

>

L = length of wire between contact sheave and point
of interest

=32.31n.(820.4mm.);Pre-heat leg,
=444 1n.(112.8mm.);Anneal leg
V = Wire velocity

=1,312.34 in./sec (2,000 m./min)
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The estimation of wire temperature at each element afier time ‘t’ was

following.
) Result

t (sec) |I(Amp.)|L (in.) |L (cm.) T (°F) T(°C)
Pre-heat [ 0 00 6.7 | 0.00 | 0.00 113.00 45.00
Pre-heat | 00046 | 6.7 | 6.00 {152.40| 203.60 95.33
Pre-heat [ 00091 | 6.7 |12.00 304.80| 313.47 156.37
Pre-heat | 00137 | 6.7 |18.00 {457.20| 446.72 230.40
Pre-heat | 00183 | 6.7 |24.00|609.60| 608.31 320.17
Pre-heat | 00229 | 6.7 |30.00|762.00| 804.28 429.04
Pre-heat | 00246 | 6.7 |323082042| 890.01 476.67
Anneal | 90272 | 164 |3564 (90540 1,977.65 | 1,080.92
Anneal | 00280 | 164 |3674 |933.20| 2,515.98 | 1,379.99
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