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Graphite-dispersed copper composites is known to have good thermal and electrical conductivities,
self-lubrication and low thermal expansion coefficient. These characteristic of it are derived from both
characteristic of copper and graphite. Therefore, this composite is expected to be used for a sliding contact which an
electric current flows in and friction acts on.
First, a Cu-Ni alloy in which the nickel was included up to approximately 5 mass% was melted in a graphite
crucible with a high frequency induction furnace to prepare the Cu-Ni-Csat (saturated carbon) alloy. Solubility of
carbon into Cu-Ni alloy increased with the nickel content and with the melting temperature. The particles
precipitated from the melt were graphite. The relation between the activity coefficient of carbon for Cu-Ni-Csat and
the temperature could be expressed by numerical formulas. This work proposed that the interaction parameter, 𝜔CNi,
for Cu-Ni-Csat was -17.1. Vickers hardness of Cu-Ni-Csat system increased with C content. The Cu-Ni-Csat alloy
prepared in this study was hardened by precipitation hardening of the graphite particles and solution hardening of
Ni.
Second, solubility of nitrogen gas into pure copper at temperature range of 1993 K to 2443 K was studied
with using a levitation melting apparatus. The solubility of nitrogen which was equilibrated with nitrogen gas with a
pressure of 101.3 kPa increased with the temperature of molten copper. However, the solubility was approximately
1.5 massppm even at 2443 K. The solubility obeyed the Sieverts’ law. The relation between the change of Gibbs
energy for this reaction, ∆r 𝐺 0 = 61573 + 48.75𝑇 and thermodynamic temperature of the molten copper, T [K],
was expressed as : ln[mass%N] = −

7406
𝑇

− 5.863

Third, it was attempted that graphite dispersed copper composite was prepared only on the surface of a
copper plate using a spot welding machine which could heat a material beyond 2073 K for short time. Experiments
were carried out with changing the compressive load, the repetition number of the compression and the electrical

current in order to study their effects on carbon content and Vickers hardness of the composite. Generally, the
carbon content of the composite prepared without an electrical current flow was smaller than that prepared with an
electrical current flow. The former composite was prepared with that relatively small angular graphite particles
were pushed into the copper plate. In the case of flowing electrical current, graphite particles was heated, and
partially or wholly dissolved into molten copper. Therefore, this composite was prepared with undissolved graphite
and precipitated graphite from the copper melt. The Vickers hardness of the copper matrix in the composite
prepared without an electrical current flow was larger than that prepared with an electrical current flow, because the
electrical heating annealed the composite. The relation between the Vickers hardness of the copper matrix in the
composite and the volume fraction of graphite were expressed by the rule of mixtures.
Fourth, laser irradiation was used to prepare the graphite dispersed copper composite on a copper plate. The
carbon dioxide laser was irradiated on the copper plate on which the graphite particles were plunged by rolling.
Most plunged particles except the small angular graphite particles which were stuck in the copper plate were
eliminated, when the rolled plate was dipped in the ultrasonic bath. When the laser was irradiated to the rolled plate,
the number of graphite particles in the laser spot decreased with the laser irradiation time, because the particles was
eliminated by the laser trapping. However, the fixing of the particles resulted from improvement of the wettability
between the graphite particle and the molten copper. When the copper around the graphite particles further melted,
the particles on the plate disappeared by the laser trapping. The number of the graphite particles on the outside of
the laser spot increased with time. The laser trapping hardly acted on the graphite particles at this place. The copper
at the outside of the laser spot were heated by the conduction from the laser spot, and melted. The particles were
fixed by the wetting. The Vickers hardness decreased with an increase with the laser irradiation time due to
annealing by the laser heat. The Vickers hardness at the outside of the laser spot was higher than that at the center of
the laser spot.
Finally, it was tried to prepare the bulk of the graphite dispersed copper composite. The influence of
the temperature, the way of addition of the graphite particles and the alloying elements (nickel, iro n) were
studied. The graphite particles were formed by the precipitation from the melt. When the temperature was
above approximately 2073 K, copper could wet to the graphite, and this enhanced the dissolution of graphite
into the molten copper. Therefore, the composite prepared at 2073 K included more graphite particles than
that at 1673 K. In addition, the composite prepared by the addition of graphite particles on the melt hold at
2073 K contained more graphite than the composite prepared by the addition of them before heating. This
resulted from the quantity of scattering graphite under heating and the wettability. The graphite particles in
the composite contained nickel larger than that in pure copper because the solubility of carbon in
copper-nickel system was larger than that in copper. The graphite particles in the composite contained iron
were smaller than that in pure copper, and mainly existed in iron rich phase. The Vickers hardness of the
composite after annealing was smaller than that before annealing because of the relaxation of solid-solution
strengthening of carbon. The hardness of the graphite dispersed copper alloy was largest due to the
solid-solution hardening of the alloying elements.
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CHAPTER 1

INTRODUCTION

1.1 Background
History of electric vehicle can be traced back in the 1800s when the first vehicle
powered by battery was invented [1]. In 1890, first successful electric vehicle with a top
speed of 14 miles per hour debuted and sparked interest in electric vehicles. In 1899, the
first automobile powered by electricity exceeded 60 miles per hour [2]. Electric motor
vehicles competed against steam and petrol engine vehicles from 1890s to 1900s [3]. By
1900 in the United State of America, the number of the electric vehicles was third highest
among cars [4]. However, electric vehicles industries were in adversity when Henry Ford
mass-produced Model T which was powered by internal-combustion engine and widely
affordable to consumer [5]. After that, internal-combustion vehicles continued to grow it
sell among consumer [6]. Continuing improvement in the internal combustion engine
technology, reducing manufacturing cost and abundant amount of petrol had hampered
the demand for electric vehicles until the late of 1990s [7]. From late 1990s to the recent,
electric motor vehicles have regained its popularity among consumer due to improvement
of the driving capability and economical. Now, electric vehicle is on a par with a petrol
vehicle [8].
Vehicles account for approximately 20% of total primary energy consumption,
where 95% of the usage derived from oil-based fuel [9,10]. In the past several years, high
petrol consumption, worsening of environment pollution and increase of industrial waste
have prompted researchers and car manufactures to produce more environmental friendly
1

devices and machines with low maintenance cost [11-13]. For example, in recent years an
increase of public demand for nature friendly car such as electric motor vehicle causes
rapid development in automotive engineering [14, 15]. Since modern electric cars have
first introduced in 1997 to consumers, more than 11 million of them have been sold
worldwide until April 2016 [16, 17]. Until now, the selling of eco-friendly vehicles have
been increased and been popular among road user. Japan is top in sale with 5 million,
followed by the United State of America (4 million), European (1.5 million) and rest of
the world (0.5 million) [16]. Toyota Motor Company which has manufactured electric
motor cars (hybrid car), until April 2016 leads the electric motor car industries with 9
million cars worldwide [17]. In future, more environment-friendly machine will be
produced, not only limited to vehicles.
Electric motor vehicles usually use DC motors because of their lightweight,
compact and efficiency [18, 19]. For example, large type of a DC motor is used in train
[20]. However, the brushes used in a DC motor need to be replaced periodically due to
wear [21]. As shown in Fig. 1.1, the brushes are used as a contact material with the
commutator. When electric current passes through the coiled conducting cable in a
magnetic field, the coil will produce a magnetic force. Torque from this force will rotate
the coil the axes of with the motor [22]. Inside this motor, there are two parts which rotate
and non-rotate. The rotating part is the commutator, while the non-rotating is the brushes
[22]. As the DC motor has been used for a period of time, the brushes are eroded, and
need to be replaced. This is due to the friction occurred between brushes and the
commutator [23]. Beside copper brushes, carbon brushes are used in DC motor. However
electric current flow in carbon brushes leads themselves to high temperature, which
copper presented in commutators can be oxidized [24]. Another type of DC motor is a
2

brushless DC motor which requires permanent magnet. The demerit of this type of motor
is that permanent magnet is necessary to this motor. The permanent magnet which is
inferior to an electro-magnet is generated by the rotor rotation [25]. Beside that, in the
case of high rotation, temperature of the rotor of the motor in which permanent magnet is
becomes high. The increase in eddy current loss at the permanent magnet will reduce the
efficiency [26, 27].

Fig. 1.1 Schematic of DC motor.

Both copper and graphite brushes have advantage and disadvantages. Copper
brushes have better electrical conductivity than graphite brushes, but carbon brushes have
a self-lubricating property [28-30]. These materials are not only used as brushes but also
other sliding contact component such as pantograph [31].
If a material with advantages originated from both copper and graphite are

3

developed, the material should have good electrical and thermal conductivities, a high
wear resistance and low thermal expansion. In this thesis, graphite dispersed copper
composite which has characteristics as, above described, is introduced to be an alternative
material for a component which is made of copper or graphite.

1.2 Fundamentals of copper
1.2.1 Brief history
Copper metal has been widely used in various applications and purposes. Copper is
one of the earliest metals used by human because it can be discovered as a relatively pure
metal naturally [32]. It was the first source of metal, and was used in 8000s BC. It was
smelted in 5000s BC, casted to form something in 4000s BC, and alloyed to create
bronze in 3500s BC [33]. Pure copper is usually too soft for most uses. About 3500 years
ago, human learned for the first time that copper could be strengthened by mixing with
other metals [34]. Today, copper has been mainly used as a conducting cable. It has also
been used in heat exchanger because of its good thermal conductivity. In addition, it and
its alloy are also used in some musical instruments, screws and other hardware that must
resist corrosion [35].

1.2.2 Physical properties
Copper, silver and gold are in group 11 of the periodic table, and they have certain
properties in common. They are characterized by high ductility, high electrical and
thermal conductivity. Copper can be easily joined and hardened. It is non-magnetic,
catalytic, and recyclable [36-40]. Copper metal appearance can be described as reddish
color. Table 1.1 and Table 1.2 show mechanical and thermal properties of copper [41-43].
4

Table 1.1 Mechanical properties of copper.
Mechanical Property

Annealed (soft) copper

Cold-worked (hard) copper

Elastic modulus

100-120 GPa

120-130 GPa

Shearing modulus

40-45 GPa

45-50 GPa

Poisson’s ratio

0.35

-

Tensile strength

200-250 MPa

300-360 MPa

Yield strength

40-120 MPa

250-320 MPa

Elongation

30-40 %

3-5 %

Vickers hardness

40-50 HV

800-1100 MPa

Brinell hardness

45-55 HB

90-120 HB

Scratch hardness

3

-

Table 1.2 Thermal properties of copper
Thermal property

Value

Melting point

1356 K

Boiling point

2868 K

Heat of fusion

13.1 kJ / mol

Heat of vaporization

300 kJ / mol

Vapor pressure at 2089 K

1 kPa

Specific heat capacity at 298 K

8.527 J / (Kmol)

Average specific heat capacity 298 K to 2750 K

18.7687 J / (Kmol)

Coefficient of linear thermal expansion

19.8 K-1

Thermal conductivity at 293 K

394 W / (mK)

5

1.2.3 Physical chemistry of copper
Like many other metal, copper is oxidized whenever it is exposed to air at high
temperature. [44]. In the air, the copper reacts with oxygen, carbon dioxide, moisture and
so on. It forms verdigris that are layered on the copper surface [45, 46]. This verdigris is
not like the rust that forms on iron or other metals, but actually covers the copper surface
as a passive state. Therefore, it protects the copper beneath it [47]. In the periodic table,
copper is placed in period 4 and group 11. It behaves as a typical transition metal. It
forms a wide variety of compounds with oxidation states of +I to +II. Its compounds are
colored, and tends to form complex ions in aqueous solution. The crystal structure of
copper is a face-centered cubic (FCC) structure, and inter-atomic distance is 0.255 nm
[48].

1.3 Fundamentals of graphite
1.3.1 Brief history
Enormous deposits of natural graphite was discovered on the approach to Grey
Knotts from the hamlet of Seathwaite in Borrowdale parish, Cumbria, England before
1565. It was then used by locals to mark sheep [49, 50]. In the reign of Queen Elizabeth I,
Borrowdale graphite was used as a refractory material to line molds for cannonballs.
Because of its military importance, it was strictly controlled by the Crown [51]. Graphite
got it’s named by Abraham Gottlob Werner which mean “writing stone”. Until then,
graphite had been known as a black lead or a plumbago [52-54].

1.3.2 Physical properties
Graphite is a naturally-occurring form of crystalline allotrope of carbon and
6

blackish in color [55, 56]. It is a native element mineral which is found in metamorphic
and igneous rocks [57]. Graphite is extremely soft, fragile, cleft with very small force,
and has a very low specific gravity [56-59]. It has an extremely heat resisting property
and is nearly inert to almost any other materials [60]. These extreme properties give a
wide range of uses in metallurgy and manufacturing [61]. Graphite can be found in
organic-rich shale’s and coal beds. In these cases, the graphite itself probably resulted
from metamorphosis of dead plant and animal matter. Graphite is also found in veins
sometimes basalt, and meteorites [62]. Table 1.3 shows the mechanical and thermal
properties of graphite [63-65].

Table 1.3 Mechanical and thermal properties of graphite.
Property

Value

Bulk Density

1.3 - 1.95 g / cm3

Porosity

0.7 – 53%

Modulus Elasticity

8 – 15 GPa

Compressive Strength

20 – 200 MPa

Flexural Strength

6.9 – 100 MPa

Coefficient of Thermal Expansion

1.2 – 8.2 ˚C

Thermal Conductivity

25 – 470 W / (m.K)

Specific Heat Capacity at 298 K

8.527 J / (Kmol)

Electrical Resistivity

1375.0  10-6 (Ω.cm)

1.3.3 Physical chemistry of graphite
Graphite is a mineral composed exclusively of the elemental carbons, C. It has the
7

same chemical composition as diamond, but the crystalline structures of graphite and
diamond are entirely different [66]. This causes almost opposite characteristics in their
physical properties. Diamond is transparent and known to be one of the hardest materials
[67]. Diamond is widely used as abrasive and cutting medium in industries [68]. In
contrast, graphite is soft and easily broken [56]. However graphite resists to heat and
thermal shock [60]. Graphite also is used a as a solid lubricant and writing medium [69].
Graphite consists of layers in which six carbon atoms closely bond together
hexagonally. The distance between the layers is 0.335mm, and is relatively large. In
comparison with diamond, the density of graphite is small, and it is more stable than
diamond thermodynamically [66]. Fig. 1.2 shows atomic structure of graphite and
diamond. In graphite, the bond within one layer are strong, but the bonds between the
layers are weak than that in one layer. The autonomic coordination at the first and third
layers of graphite crystal are the same. Similarly, the coordination at the second and
fourth layer are the same. As mentioned earlier, because the distance between the layers is
relatively large, the interlayer forces are small. Therefore, the layers can be easily sheared.
This explains the lubricity of graphite [66].

8

Fig. 1.2 Atomic structures of diamond and graphite

1.4. Copper-graphite composite
1.4.1 Characteristic of graphite dispersed copper composite
Characteristic of graphite dispersed copper composite derived are from both
characteristic of copper and graphite. Copper is known to have good electrical and
thermal conductivities and thermal expansion. On the other hand, graphite has a high
wear resistance or self-lubrication and low thermal expansion. As a result,
graphite-dispersed copper composites is known to have good thermal and electrical
conductivities, self-lubrication and low thermal expansion coefficient. Therefore, this
composite is expected to be used for a sliding contact which an electric current flows in
and friction acts on.

9

1.4.2 Phase diagram for C-Cu system

Fig. 1.3 Binary phase diagram of C-Cu [72]

The solubility of carbon in molten copper has been investigated. M. B. Bever et al.
found that the solubility of carbon in molten copper were only 0.0001 mass% of carbon at
1100 ˚C (1373 K), 0.00015 mass% at 1200 ˚C (1473 K), 0.0005 mass% at 1500 ˚C (1773
K) and 0.003 mass% at 1700 ˚C (1973 K) [70]. Fischer and Schumid experimentally
measured solubility of carbon with about 0.0005 mass% at 1200 ˚C (1473 K) [71]. Fig.
1.3 shows the phase diagram of C-Cu system [72]. This phase diagram was determined
from the works [70-75]. It can be seen that carbon content increases with temperature.
10

According to the phase diagram, no carbide phase has been reported [72].
The solubilities of carbon into liquid copper measured by different researchers
accords well each others. In contrast to the solubility of carbon in liquid copper, the
solubilities of carbon in solid copper measured by Mc. Lellan [73] and G. Mathieu et al.
[74] are different. In Mc. Lellan’s work, solubility of carbon was measured from the
temperature of 1058 K to 1314 K by carbon potential control technique. Foils of copper
were equilibrated with graphite in presence of a small amount of air. The carbon was
introduced into copper foil through gas mixture of CO and CO2. The carbon content was
analyzed with the conventional combustion method. The solubility was 250 atomic ppm
at 1273 K which was near melting point, and was two orders of magnitude higher than
solubility of carbon in molten copper. It was speculated later that this high solubility
value was caused by the adsorption of carbon, CO and CO2, or trapped carbon at
intergranular [76]. As a result, this data were regarded as tentative. It was reported that
the solubility at 1173 K was smaller than 0.5 at. ppm using a radiochemical technique
[77]. In that work, the copper was aquilibrated by holding the copper speciments at 1173
K for 20 days in presence of a millicurie of ethylene or glucose. This data were not
incorporated in the newest assesment of the Cu-C equilibrium phase diagram [72].
In recent work by Yokoyama et al. [78], the solubility of carbon in pure molten
copper was measured up to 2273 K. It was found that the saturated carbon content could
tremendously increase beyond 2073 K. In Yokoyama et al.’s work, the solubility of
carbon in copper at 2273 K was 0.0297 mass%, which was analyzed with the combustion
method. The solubility by them was also shown in Fig. 1.4 [72]. Until now, there is no
other work which investigated carbon content in molten copper at the temperature higher
than their work.
11

Fig. 1.4 Solubility of carbon in pure molten copper by Yokoyama et al. [78]

1.4.3 Preparation method for graphite dispersed copper composite
Various methods have been developed by researchers in order to prepare
copper-graphite composite. The works concerning the preparation of Copper-Graphite are
summarized as follows:

1) Addition of alloying element
P. B. Anderson and M. B. Bever studied the carbon solubility in copper-manganese
and copper-nickel alloys [79]. However, they limited to the temperature of the molten
copper alloy up to 1748 K. By adding 1 mass% or 9 mass% of nickel in copper, the
solubility of carbon in molten copper alloy were 0.002 mass% and 0.053 mass %.
However, their work concerned the solubility, not the preparation of graphite dispersed
copper composite. Although saturated carbon content increased with nickel content in
12

copper-nickel alloy, the electric resistivity of copper alloy decreased [80]. As other works,
adding chromium [81, 82] and titanium [83] in the composite to improve the wettability
of molten copper alloy to the graphite. It was the largest problem in the preparation of
copper-graphite composite that molten copper could not wet to graphite. According to
Abel et al. [83], wettability of graphite with copper-chromium or copper-titanium was
dependent on chromium or titanium concentration respectively. They concluded that
chromium or titanium was in a thin layer as carbides between copper and graphite phases.

2) Other material processing methods
There are other methods without using high temperature. Powder metallurgy is one
of the methods for preparing graphite dispersed copper composite. Powder metallurgy
requires special equipment and is relatively expensive. In addition, composite prepared
with this method tends to be porous [84].
Another method was the MG, (mechanical grinding). The advantages of this
method is that it can produce various non-equilibrium phases such as highly
supersaturated solid solution, nano-quasicrystalline, amorphous phases and so on [85-89].
A copper-graphite composite powder were prepared using this method [90]. A metastable
solid solution Cu(C) can be obtained by high energy ball milling at room temperature.
In other work using MG in which high energy mechanical milling, MG was used to
downsize the Cu-10 at% C to 30 nm [91]. The Vickers hardness of the composite was
2000 MPa. The grain boundary strengthening was the major strengthening mechanism for
this composite [91]. However, sintering is necessary for preparation of the bulk
composite, because the MG method only produces particles.
Brazing method has also been used to improve the wettability of copper to graphite
13

[92]. This method is equal to the surface modification. In this method, copper of which
surface was modified by the other substances and graphite were melted at around 1200 K.
Element such chromium, phosphorous and nickel were used as modifier to wet copper
with graphite. This modifying additive acts as bridge at the interface between copper and
graphite.
K. Rajkumar et al. [93] had prepared the graphite dispersed copper composite using
microwave.

1.5 Objectives of this work
The graphite dispersed copper composite has promising features such as high wear
resistance and good electrical and thermal conductivities which are useful for sliding
contact like a brush of DC motor. There are two problems for preparation of this
composite. Firstly, the solubility of carbon in copper is very low. If the solubility of
carbon in molten copper can be enlarged, graphite particles will be able to be precipitated
from the copper melt in which much carbon dissolved. This method for preparation of
graphite dispersed copper composite is alike with the method for preparation of cast iron.
Secondly, the molten copper cannot wet to graphite. As described earlier, Yokoyama et al.
[78] revealed the following two things: First is that the solubility of carbon in liquid
copper steeply increased with the temperature beyond approximately 2073 K. Second is
that the wetting of molten copper to graphite improves beyond this temperature.
Main objective of this study was to prepare the graphite dispersed copper
composite. Therefore, it was studied in this study to influence of alloying element on the
solubility of carbon in molten copper so as to enlarge the solubility. In addition, it was
intended to prepare the composite with high temperature processes more than 2073 K
14

where the wettability was improved. The mechanisms of formations of graphite and so on
were discussed physico-chemically. The Vickers hardness of the composite was discussed
from the view point of material engineering.
Graphite dispersed copper alloy composite demand carbon content from
approximately 20 mass% to 85 mass%. In this study it was tried to prepare the graphite
dispersed copper composite whose carbon content was in this range.
The increase in the solubility brings about the improvement of the wettability. So in
this study, the concentrate objectives are listed as follows:
1) Influence of nickel content in molten copper-nickel alloy on the solubility of carbon in
this liquid alloy. Effects of the dissolved carbon, precipitated graphite and nickel content
in the solidified alloy on Vickers hardness were studied.
2) It was found that solubility of carbon steeply increased when the temperature exceed
approximately 2100 K. As a fundamental study, the solubility of nitrogen gas into liquid
copper was measured at temperature range of 1993 K to 2443 K to prepare nitride
dispersed copper composite.
3) The copper-graphite composite was tried to be prepared only on the copper surface
with using a spot welding machine.
4) Preparation of the copper-graphite composite only on the copper surface using a
carbon dioxide laser process was attempted.
5) It was tried to prepare the bulk of the graphite-dispersed copper composite with
conventional melting process with high temperature.

In order to achieve this target, some guiding questions are posed as follows:
Q1- How much is the carbon saturated content for copper-nickel alloy at temperature
15

2073 K and above?
Q2-What is the equation to express solubility of carbon as a function of thermodynamic
temperature?
Q3-Is graphite equilibrated with Cu-Ni alloy? How are the relation among activity
coefficient of carbon, temperature and molar fraction of nickel expressed?
Q4-What are the morphologies of the precipitated inside the composite?
Q5-How large does carbon content affect the hardness of the copper-graphite composite?
Q6-Can the nitride dispersed copper alloy be prepared with the high temperature process?
Q7- What is the equation to express solubility of nitrogen gas as a function of
thermodynamic temperature?
Q8-Is the dissolution of nitrogen in copper expressed by with Sievert’s law?
Q9-Spot welding provides locally high temperature for very short time. Can it be used to
prepare this composite?
Q10-How do the compression force and the electrical current influence the preparation of
the composite?
Q11-How does temperature influence the composite formation?
Q12-What is hardening mechanism of spot welding process?
Q13-Carbon dioxide laser provides locally high temperature. Can it be used to prepare
this composite?
Q14-How does the graphite particles behave during laser irradiation?
Q15-how do the laser heating and trapping influence the preparation of the composite?
Q16-How do the graphite particles behave in molten copper in a magnesia crucible?

Thus all the guiding questions will be discussed and answered in each chapter of this
16

thesis.

1.6 Outline of this study
The overall outline of this thesis is summerized in Table 1.4. This thesis is
consisted of 7 chapters.
Table 1.4 Overview of thesis outline
Chapter

Topic

1

Introduction

2

Influence of nickel content on solubility of carbon into molten
copper-nickel alloy and Vickers hardness

3

Solubility of nitrogen into molten copper at temperature range of 1993
K to 2443 K

4

Preparation of graphite dispersed copper composite with spot welding

5

Preparation of graphite dispersed copper composite on surface of
copper plate with carbon dioxide laser

6

Preparation of graphite dispersed copper composite with addition of
graphite into molten copper

7

Summary

In Chapter 1, the following is described: the background of the research, the
potential of graphite dispersed copper composite, physical and chemical properties of
copper and graphite, previous work related with preparation of this composite, idea of
proposing a new method to prepare this composite and finally the objective of this study.
In Chapter 2, the influence of nickel content and temperature on the carbon
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solubility was discussed. These influences were analyzed thermodynamically. Graphite
particles that were precipitated under cooling were observed using SEM and laser
microscope. Mechanical property, which was the Vickers hardness of the Cu-Ni-Csat
composite, was mainly discussed from the influence of carbon and nickel contents on the
Vickers hardness.
In Chapter 3, the solubility of nitrogen into molten copper was described. As
shown in previous chapter, higher temperature could increase saturated carbon content in
molten copper. Then, there was a possibility that nitrogen gas dissolves in molten copper
at a higher temperature. The solubility of nitrogen obeyed with the Sievert’s law. Relation
between Gibbs energy and thermodynamic temperature was discussed in this chapter.
In Chapter 4, the preparation of graphite dispersed copper composite using a spot
welding machine was described. Spot welding machine was used because it could raise
the temperature high for a short time. A SEM and an EDX were used to observe
microstructure of the sample surface and cross-section of it. Vickers hardness was also
measured at the surface and the cross-section of the sample. Influences of the
compression forces and electric current were discussed..
In Chapter 5, the preparation of graphite dispersed using a carbon dioxide laser
was described. As similar to the spot welding in previous chapter, the laser could produce
high temperature for an instant time. A SEM observation and an EDX analysis were done
to study microstructures and compositions of the sample surface and cross-section.
Vickers hardness was also measured at the surface and the cross-section of the sample.
In Chapter 6, the preparation of graphite dispersed copper composite with addition
of graphite particles into molten copper was described. This work was almost as similar
to the work in chapter 2, but, instead a graphite crucible, the copper with graphite powder
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had been melted in a magnesia crucible. Much smaller graphite powder and mechanically
ground copper with the graphite powder were also used for the preparation of the
composite. The cross-section of the solidified copper was observed to clear how graphite
particles participated inside copper. The Vickers hardness of the composite was also
measured.
Finally, in Chapter 7, main results and discussion that were obtained from Chapter
2 to Chapter 6 were summarized in this chapter.

1.7 Flow of this study
Solubility of carbon in molten copper steeply increased with an increased in the
temperature when the temperature of the copper melt exceeded around 2073 K. In
addition, liquid copper could wet to the graphite above this temperature. the main
objective of this work is to prepare the graphite dispersed copper composite with using
these knowledge. The flow of this study is described as follows:
Chapter 2: Because the solubility of carbon in liquid copper was small, quantity of
precipitated graphite was small. Then, in this chapter, it was tried that addition of nickel
increased the carbon solubility.
Chapter 3: the solubility of carbon increased by the addition of nickel. However,
the solubility did not become so large. Then, the solubility of nitrogen into liquid copper
was studied in order to prepare a nitride dispersed copper composite instead a graphite
dispersed copper composite.
As a result, the solubility of nitrogen in liquid copper was small. It seemed to be
difficult that graphite or nitride dispersed copper composite to be prepared with the
precipitation from the carbon or nitrogen saturated copper. Then, it was attempted to
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prepare the graphite dispersed copper composite with using the phenomena that the
wetting of molten copper to graphite improved beyond 2100 K.
Chapter 4: it was tried that the graphite dispersed copper composite was prepared
only on the copper plate with a spot welder which could heat a substances to a higher
temperature for a short time.
Chapter 5: It was tried that the graphite dispersed copper composite was prepared
only on the copper plate with a carbon dioxide laser which could heat a material to a
higher temperature for a short time like a spot welder.
Chapter 6: It was tried to prepare bulk of the graphite dispersed copper composite.
Copper, graphite particles and alloying elements (nickel, iron) were melted in a magnesia
crucible. Influence of temperature, was of the addition of graphite and alloying elements
on the formation of the composite were studied in this chapter.
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CHAPTER 2

INFLUENCE OF NICKEL CONTENT ON SOLUBILITY OF
CARBON

INTO

MOLTEN

COPPER-NICKEL

ALLOY

AND

VICKERS HARDNESS

2.1 Introduction
Graphite-dispersed copper composites have been known to have good thermal and
electrical conductivities, self-lubrication and low thermal expansion coefficient [1, 2].
The former two properties and the latter two properties are mainly originated from copper
and graphite respectively. Therefore, this composite is expected to be used for a sliding
contact which an electric current flows in and friction acts on. One of the applications of
this material is a brush for a direct current (DC) motor and a generator [3, 4]. The brushes
determine the lifetime of a DC motor and a generator. Because the brush is worn by the
friction, the brush should be replaced as needed.
The most important thing for the preparation of this composite is that copper can
not wet graphite. Therefore, a surface modification of graphite and/or alloying a copper
with the element such as Ti and Cr are needed so as to improve the wetting [5-7].
Generally, a liquid metal can wet a solid which forms endogenously. If graphite is
precipitated from a molten copper as graphite from cast iron, this problem of the wetting
between copper and graphite will be able to be solved. The phase diagram shows that the
solubility of carbon in liquid copper at the temperature below approximately 2000 K is
less than or equal to approximately 50 mass ppm [8]. Then, in the previous work [9],
copper in a graphite crucible was heated up to approximately 2300 K so as to study the
30

solubility of graphite into molten copper at a higher temperature. The saturated content of
carbon in molten copper steeply increased when the temperature exceeded approximately
2100 K. The solubility of carbon in molten copper at 2273 K was approximately 300
mass ppm. In addition, spheres and flakes of graphite were precipitated at the final
solidification place of a molten copper saturated with carbon. However, the saturated
carbon content was too small that the quantity of precipitated graphite was small. Then,
in this work, it was attempted to increase the solubility of carbon by addition of alloying
element in copper. Because the carbon can dissolve in a nickel, it is anticipated that the
solubility of carbon in Cu-Ni alloy increases with an increase in the nickel content in the
alloy. J. R. Anderson and M. B. Bever investigated the solubility of carbon in
copper-nickel alloy at the temperature of 1748 K [10]. Until now, there is no research on
carbon solubility in molten copper-nickel alloy above 1748 K. In addition, whereas Ni3C
has been known as carbide of nickel, it can be estimated from Gibbs energy that the Ni3C
does not form in the Cu-Ni-Csat alloy [11]. A nickel is chosen as an alloying element from
these two reasons. Then, as a series of fundamental study of preparation of graphite
dispersed copper composite, influence of nickel content in molten Cu-Ni alloy on the
solubility of carbon was investigated. In addition, the Vickers hardness of the solidified
alloy was measured to clear the effects of the dissolved carbon, precipitated graphite and
nickel content on the hardness.

2.2 Experimental
2.2.1 Preparation of Cu-Ni alloy
1) Metals used
Commercially available pure copper (the purity: 99.9 mass%) and nickel (99.9
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mass%) were used for preparation of Cu-Ni alloy. The copper and the nickel were cut
from these bulks and were arranged so that total weight of them was approximately 300g.
The mixing weight of copper and nickel was shown in Table 2.1. The materials were
cleaned in an ultrasonic-bath which ethanol was in for 15 minutes to eliminate from
house dust, grease and so on.

Table 2.1 Mixing quantity of Cu and Ni, anticipated content of Ni and actual content of
Ni.
Symbol of

Copper,

Nickel,

Anticipated nickel

Measured content

alloy

WCu / g

WNi / g

content,

of Ni,

CNi / mass %

CNi / mass %

CuNi 1 wt%

304

3.328

1.08

1.35

CuNi 3 wt%

283

9.709

2.99

3.13

CuNi 5 wt%

287

15.03

4.98

5.02

2) Apparatus
The apparatus to prepare copper-nickel alloy was shown in Fig. 2.1 The maximum
reaching temperature was approximately 2200 K. It could be controlled manually within
±10 K by adjusting the voltage. The inner diameter and length of the quartz furnace tube
were 100 mm and 505 mm respectively.
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Fig. 2.1 Apparatus to prepare copper-nickel alloy.

3) Melting
The mixture of copper and nickel was placed inside a magnesia crucible, and were
melted under argon gas flow with a high frequency induction furnace (EG53S Fuji
Electric). An argon with a purity of 99.999 mol% was introduced in the furnace with the
flow rate of 0.4 L/min (NTP (normal temperature and pressure)) for about 10 minutes
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before melting to replace the air in the furnace with the argon gas to prevent oxidation of
the metal. The materials were heated to 1773 K. At this temperature, it was held for 30
minutes to make sure the metal completely being melted. Subsequently, the molten alloy
was sucked through a silica tube using a syringe. Then, it was put into water to cool it
rapidly.

Fig. 2.2 Schematic image explanation for chemical analyzed site of solidified rod

4) Investigation of segregation
The cooled sample was rod in shape. The content of nickel in the solidified rod
sample was measured with a spot analysis of an EDS energy dispersive X-ray
spectroscopy (EDS-JEOL JSM-6300). Fig. 2.2 showed schematic of the solidified rod.
The rod was cut into slices with 3 mm of thickness from the upper, the middle and the
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lower part of the rod, as shown in Fig. 2.2. Nickel content in each part was measured in

Nickel, CNi / mass%

order to investigate the segregation.

7
6
5
4
3
2
1
0

Lower Ni 1 mass%
Middle Ni 1 mass%
Upper Ni 1 mass%
Lower Ni 3 mass%
Middle Ni 3 mass%
Upper Ni 3 mass%
Lower Ni 5 mass%
Middle Ni 5 mass%

0

1

2
Position

3

4

Upper Ni 5 mass%

Fig. 2.3 Relation between nickel content and position. The position was shown in Fig.
2.2.

Fig. 2.3 showed the distribution of nickel content using a spot analysis by EDX.
Nickel content at the center of the slice was low, and it increased slightly in the direction
from the center (position 2) to the side (position 3). However, the nickel content at each
radial distance from the center did not changed much with the position in the longitudinal
direction of the rod-like sample. This meant that central segregation occurred in the
solidified sample. Fig.2.4 showed the dependency of the nickel content measured with the
area analysis on the longitudinal direction of the rod-like sample. Here, the nickel content
at seven different places were measured with an area analysis of the EDX. The measured
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area size was approximately 0.04 mm2. The nickel content was evaluated with the mean
of seven measured values. The maximum scattering of the nickel content was
approximately  10% for the mean value. As shown in Fig. 2.4, the total composition of
the sample cut in round slice from the rod-like sample was not influenced by the position
in the longitudinal direction. Therefore, the sample for measurement of solubility of

Nickel content, CNi / mass%

carbon was prepared in such slice.

7
6
5
4
3
2
1
0

Cu-Ni 1
mass%

0

1

2
Part

3

4

Fig. 2.4 Nickel content in each part of solidified Cu-Ni alloy. Each part was shown in Fig.
2.2.

5) Preparation of sample for measurement of solubility of carbon.
The sliced sample was approximately 1.24 g in weight. Based on the average nickel
content in Fig. 2.4, the nickel contents in the sliced sample were 1.35  0.10 mass%, 3.13
 0.11 mass% and 5.02  0.10 mass% respectively. Nickel content was measured with an
ICP-OES and an area analysis of EDS. The area analysis was performed at the randomly
chosen ten places of a sample. Both two analytical values almost accorded in the range of
scattering of the analytical values. Therefore, the value of nickel which was measured
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with an EDS was mainly used.
2.2.2 Experiment for measuring saturated carbon content
1) Graphite crucible and lid
Graphite was cut from a graphite rod (purity 99.99 mass%) into a custom designed
graphite crucible shown in Fig. 2.5. This figure showed the drawing of the graphite
crucible including the graphite lid. The bottom of the graphite lid was designed to be as
nearest to the surface of a molten Cu-Ni alloy. The small graphite crucible in which the
sample was placed was concealed with the graphite lid.

Fig. 2.5 Drawing of graphite crucible and graphite lid
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2) High frequency induction furnace

Fig. 2.6 Experimental apparatus for measurement solubility of carbon in molten Cu-Ni
alloy.

Fig. 2.6 showed the experimental apparatus. A high frequency induction furnace
(130 kHz, 30 kW) was used to melt the Cu-Ni alloy inside graphite crucible. The outer
large graphite crucible was heated by the induction furnace. The crucible was heated by
heat transfer from the outer graphite crucible. The two color thermometer (CHINO series
IR-FL2AH04) which equipped with a laser pointing system was used for measurement of
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the crucible temperature. The temperature at the laser pointed place could be measured
with this thermometer. When the temperature of the surface of the molten metal in the
crucible was measured, it was differed with the measuring spot. Then, the temperature of
the graphite lid was measured, because the graphite could be estimated to be black body.
The three samples were heated in one time inside the larger graphite crucible.

3) Experiment procedure
The sliced Cu-Ni alloy was placed in the graphite crucible. Subsequently, argon gas
with a flow rate of 2.0  10-5m3s-1(293 K, 101.3 kPa (NTP)) was introduced into the
furnace to displace the air and prevent oxidation during experiment. Then, the alloy was
heated under argon gas flow. It took around one hour to heat the crucible at the desired
temperature. The temperature was controlled at desired temperature with  10 K
manually. Fig. 2.7 showed the example for time dependency of the temperature when the
sample was heated to the temperature of 2143 K. Usually, it took 15 minutes that the
temperature for all specimens increased to 1300 K. the time when the temperature arrived
at the desired temperature was choose to the starting point. After keeping the temperature
of the crucible constant for 0.5, 1.0 or 2.0 hours, the alloy was cooled in the furnace.
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Temperature, T / K

2400

2143 K

2000

1600

Starting point

1200
800

400
0

0

20

40
60
Time, t / min

80

Fig. 2.7 Example of change in temperature with time.

4) After melting process
Fig. 2.8 showed an example of the samples Cu-Ni 5.02 mass% which were heated
for 1 hour at the temperature of 2073 K. The lower side, which contacted with graphite
crucible, adhered to graphite. Some alloys did not adhere to the crucible, but other alloys
adhered strongly to the graphite crucible. This strong adhesion was observed for the
sample whose nickel content was around 1.35 mass%, 3.13 mass % and 5.02 mass%
which were prepared over the temperature of 1973 K, 2073 K and 2143 K respectively.
The shape of the sample changed from a disk shape to a button shape after heated.
Sample interface which contacted the graphite crucible was ground with emery paper
carefully to eliminate the fragment of the graphite crucible. Then the sample was cleaned
using ultrasonic bath.
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Fig. 2.8 Shape of alloy in which nickel content was 5.02 mass% after heated for 1 hour at
2073 K.

5) Measurement of content and Vickers hardness, and observation
5-1) Carbon/sulfur content
Carbon content was very important to study the solubility of carbon in molten
Cu-Ni alloy. Combustion–infrared absorbing method (HORIBA, EMIA-EF-510) was
used to measure the carbon content. This analyzer could measure sulfur content as well as
carbon content simultaneously. As described later, graphite particles which were
precipitated from carbon saturated molten alloy under cooling were unevenly distributed
in samples. Then, the sample was cut into two parts by a wire cutter. The carbon content
was determined by the analysis of both two parts. The principle of this combustion
method was as follows: First, a sample was burned in an oxygen gas stream. Then CO2
and SO2 were formed as a result of the combustion. They were analyzed with infrared
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detectors.

5-2) Observation of surface and cross-section.
The samples for observation and analysis of nickel composition were also prepared
in the same way as the samples for analysis of carbon and sulfur contents. The sample
was cut along the center axes of the samples for observation of the cross section. The
sample was put in liquid resin, and was held for a day to harden the resin. The sample
was polished by an emery papers, abrasive of alumina and colloidal silica in this order,
and was observed by a laser microscope (Keyence VK8500) and a SEM (scanning
electron microscope) (JEOL JSM-6300) equipped with an EDS. For SEM observation,
the samples were coated with platinum of around 20 nm in thickness. It was important to
coat the sample with platinum, otherwise the sample will be charged up.

5-3) Vickers hardness
Micro hardness tester (Shimadzu HMV Micro Hardness Tester) was used to
investigate the Vickers hardness of the alloy. Vickers hardness of the alloy was measured
with the test force of 980 mN and holding time of 10 s.
Specimens which were prepared at 1673 K, 1873 K and 2073 K were heat-treated
at the temperature of 973 K for 2 hours. The hardness of the annealed sample was also
measured. The hardness was measured for the lower, center and upper part of the
specimen. The hardness was measured for 7 different locations of each part. The highest
and lowest measured hardness were eliminated, and the average of the remaining 5 points
was used as actual hardness. The scattering of the measured hardness was  50 MPa.
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2.3 Results and discussion
2.3.1 Solubility of carbon in Cu-Ni alloy
1) Saturated carbon content

Initial Ni content

0.06

Carbon content, Cc/wt%

Carbon content, Cc / mass%

Initial Ni content , CNi / mass %

5.02

0.05

2143 K

3.13
5.02

0.04
0.03

2073 K

0.02

3.13

1673 K

0.01

5.02
3.13

0
0

1
2
Preparation time, t / h

3

Fig. 2.9 Example of change in carbon content in molten Cu-Ni alloy with time.

Change of carbon content with holding time was investigated to measure the time
needed for carbon to be completely saturated in molten Cu-Ni alloy. Fig. 2.9 showed an
example of change in carbon content in molten Cu-Ni alloy with time. The carbon
content in the molten Cu-Ni alloy became constant one hour later from keeping the
temperature at desired temperature, irrespective to nickel content and temperature. In
addition, as described later, any reaction product and any nickel rich phase except
graphite were not observed and detected at the interface between molten alloy and
graphite crucible. Therefore, the carbon was saturated and equilibrated with graphite.
Fig. 2.10 showed the example of change in sulfur content with time. The sulfur

43

0.06
0.05
0.04

0.03
0.02
0.01
0

contents in the alloys were below approximately 0.005 mass% (50 mass ppm) were
almost constant irrespective to time.
Temperature, T / K,
initial Ni content,
CNi / mass%

Fig. 2.10 Example of change in sulfur content with time.

The carbon content was plotted on a phase diagram, as shown in Fig. 2.11. The
solubility of carbon in pure copper was also shown in Fig. 2.11. The saturated carbon
content for each nickel content in the molten alloy increased with an increase in the
temperature. In addition, the saturated carbon content for each temperature increased with
an increase in nickel content. Anderson and Bever [10] studied the carbon solubility of
molten Cu-Ni alloy with the nickel content up 90.672 mass% at 1748 K. Their solubility
was also shown in Fig. 2.11. The relation between the saturated carbon content and the
nickel content which was predicted from this work agreed well to their work.

44

,

Fig. 2.11 Example of change in carbon content in molten Cu-Ni alloy with temperature and
nickel content.

It was convenient to express the solubility as a function of thermodynamic
temperature, T [K]. The solubility could be expressed by the following expression:

Nickel content, CNi : 1.54 mass% ~ 1.69 mass%
ln[mass%C] = 2.6878 × 10−9 𝑇 3 − 1.2885 × 10−5 𝑇 2 + 0.0245𝑇 − 23.728 (2-1)

CNi : 3.51 mass% ~ 3.72 mass%
ln[mass%C] = −1.1636 × 10−8 𝑇 3 + 7.0623 × 10−5 𝑇 2 − 0.1371𝑇 + 80.6944 (2-2)

CNi : 5.18 mass% ~ 5.39 mass%
ln[mass%C] = 9.4479 × 10−9 𝑇 3 − 4.5006 × 10−5 𝑇 2 + 0.0724𝑇 − 44.2706
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(2-3)

CNi : 0.00 mass% [9]
ln[mass%C] = 4.4683 × 10−9 𝑇 3 − 1.7962 × 10−5 𝑇 2 + 0.0242𝑇 − 18.104

(2-4)

Solubility values calculated using the above expression was shown in Fig. 2.11.
The values calculated using Eqs. (2-1)-(2-3) and Eq. (2-4) agreed well to the
experimentally obtained values.

2) Activity coefficient of carbon
Activity of carbon, 𝑎c , which based on pure substance as standard state could be
expressed with using activity coefficient of carbon, 𝛾𝑐 , and molar fraction of carbon, 𝑥𝑐 ,
as:

𝑎c = 𝛾c 𝑥c

(2-5)

Because the molten Cu-Ni alloy was equilibrated with graphite, the carbon activity was
equal to one. Therefore, the activity coefficient of carbon could be calculated from the
following equation:

𝛾c = 1⁄𝑥c
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(2-6)

Fig. 2.12 Relation between activity coefficient of carbon and temperature.

The activity coefficient was calculated from eq. (2-6). Fig. 2.12 showed the relation
between the activity coefficient of carbon and the temperature. The activity coefficient
decreased with the temperature rise, and with an increase in the nickel content. In this
figure, the data given by Anderson & Bever [10] were also shown. It was shown that their
activity coefficients, agreed qualitatively with the data given by this work. The curved
lines were obtained from eqs. (2-1) ~ (2-4) and eq. (2-6). The calculated lines fitted well
the experimental values.
Interaction parameter, 𝜔CNi, of Cu-Ni-Csat system could be given as:

𝜔CNi = ∂ ln 𝛾C ⁄𝜕𝑥Ni

(2-7)

Fig. 2.13 showed the relation between natural logarithm of the activity coefficient
of carbon and molar fraction of nickel. The solid lines were given by the regression
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analysis. There was the good linear relation between them for each temperature. The data
by Anderson and Bever [10] were also shown as a dotted line in this figure. There was
also good linear relation between them. These linear relations indicated adaptability of eq.
(2-7). The gradient of each line gave the interaction parameter, 𝜔CNi according to eq.
(2-7). The interaction parameters were listed in Table 2.2. The interaction parameters
obtained in this work were larger than the parameter given by Anderson and Bever [10].
There was no clear dependency of the interaction parameter on the temperature. Then, the
interaction parameter was determined by averaging the experimentally obtained
interaction parameters. The averaged interaction parameter was -17.1, as listed in Table
2.2. The broken lines in Fig. 2.13 were drawn by using the averaged interaction parameter.
These broken lines could also express the data.

Fig. 2.13 Relation between natural logarithm of carbon activity coefficient and nickel
molar fraction. Broken line was a calculated line with using the average interaction
parameter, 𝜔CNi, which is listed in Table 2.3.
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As listed in Table 2.2, the nickel content in the sample after experiment was larger
than that before experiment. This originated from that the vapor pressure of pure copper
was approximately 20 times larger than that of pure nickel [12]. Furthermore, in
consideration of activity of nickel in cu-Ni alloy, the vapor pressure of copper in the alloy
was around 400 times larger than that of nickel.

Table 2.2 Nickel and carbon contents before and after experiment (two hours later),
activity coefficient 𝛾C and interaction parameter 𝜔CNi .
Ni content, CNi / mass% Carbon content after
experiment, CC / mass%
Before
After

Temp.
T/K

𝜔CNi

𝛾C

1673 K

1.35

1.66

3.38  10-3

5.60  103

1673 K

3.13

3.64

5.00  10-3

3.79  103

5.18

8.93  10

2.10  10

-3

1673 K

5.02

-3

1873 K

1.35

1.76

3.98  10

4.76  103

1873 K

3.13

3.51

7.33  10-3

2.59  103

5.28

9.07  10

2.10  10

-3

1873 K

5.02

-3

1.35

1.54

7.07  10

2.68  103

1973 K

3.13

3.72

8.33  10-3

2.28  103

5.39

1.31  10

1.45  10

-3

1973 K

5.02

-13.7

3

1973 K

-2

-19.7

3

-12.3

3

2073 K

1.35

1.69

8.54  10

2.22  103

2073 K

3.13

3.25

2.89  10-2

0.66  103

-19.9

2073 K

5.02

5.09

3.70  10

0.51  10

2143 K

1.35

1.37

1.68  10-2

1.13  103

2143 K

3.13

3.49

4.09  10-2

0.46  103

-16.4

5.41  10
0.35  10
Interaction parameter, 𝜔CNiaverage

-17.1

2143 K
10)

1748 K

10)

1748 K

1748 K10)

5.02

5.37

-2

3

-2

3

-

2.00  10

9.46  10

1.99

-

4.00  10

-3

4.73  103

4.08

-

7.50  10-3

2.53  103

1.01

-3

3

10)

1748 K

5.28

-

1.30  10

1.46  10

1748 K10)

9.94

-

5.30  10-2

0.36  103

-2
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3

-20.7

2.3.2 Observation of alloy

Fig. 2.14 Surface of the Cu-Ni alloys after holding 2 hours at temperature of 1773 K and
2073 K. A: Cu-Ni 1.35 mass%, 1773 K, B: Cu-Ni 3.03 mass%, 1773 K, C: Cu-Ni 5.02
mass%, 1773 K, D: Cu-Ni 1.35 mass%, 2073 K, E: Cu-Ni 3.13 mass%, 2073 K, F: Cu-Ni
5.02 mass% 2073 K.
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The surface and cross section of the alloy after the experiment was observed using
both a SEM and a laser microscope. Fig. 2.14 showed example of the surface for
composites prepared at 1773 K and 2073 K observed with using the laser microscope.
The sample was cleaned with a blower before the observation. From the figures each
surface was covered partly with a substance in blackish color. Blackish parts were
graphite particles precipitates from the carbon saturated molten alloy. The other parts
were metallic alloy.

Fig. 2.15 Graphite particles around center of solidified Cu-Ni alloy with initial nickel
content of 5.02 mass%. The alloy was fused at 2073 K for two hours.

The morphologies and sizes of the precipitated graphite inside the sample were
observed using SEM. Fig. 2.15 showed the cross-section of the upper part of the samples

51

heated at 2073 K for 2 hours. Fig. 2.15 (a), (b) and (c) represented the cross-section of Ni
content of 1.35 mass%, Ni content of 3.03 mass% and Ni content of mass% 5.02
respectively. Small black particles could be observed on the cross-section of the alloys.
The black particles were analyzed with the spot analysis of the EDS. As a result, the
elements except carbon could hardly be detected. Therefore, these particles were
identified to be graphite. The number of the graphite particles increased with the nickel
content. These graphite particles distributed in these samples were 0.5 μm to 3 μm in size.
The lower part of the cross section of the alloy was investigated to study the
reaction of graphite crucible with the Cu-Ni alloy during melting and cooling. This part
always touched the graphite crucible. Figs. 2.16 (a), (b) and (c) represented the cross
sections of the lower parts of the alloys with the nickel content of 1.35 mass%, 3.03
mass% and 5.02 mass% respectively. As shown in Fig. 2.16 (a), the graphite crucible
hardly adhered to the alloy at the interface between the alloy and the graphite crucible. As
shown in Figs. 2.16 (b) and (c), graphite crucible adhered to the interface of the alloy.
Therefore, the amount of the adhered graphite increased with an increase in the nickel
content. In addition, the shape of the interface changed from a relatively smooth shape to
a concave-convex shape. This indicated that dissolution of the graphite crucible did not
proceeded on a parallel to the surface of the crucible microscopically.
As shown in Figs. 2.16 (a), (b) and (c), the number of the graphite particles which
was shown as black particles in Fig. 2.16 increased with the increase in the nickel content.
This thing correspond the dependency of the carbon solubility on the nickel content.
Generally, under solidification of the small cooling rate, it was easy that the solute was
precipitated in the final solidification place. The temperature dependency of the saturated
carbon content of Cu-Ni-C was very large. Even if decline of the temperature was small,
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graphite particles were easy to precipitate from the melt. Therefore, graphite particles
precipitated at the bottom of the molten alloy.

Fig. 2.16 Distribution of graphite particles in carbon saturated Cu-Ni alloy which included
initial nickel content of 5.02 mass%. Upper part of the alloy was prepared at 1673 K (a) and
2073 K (b). Center part of the alloy was prepared at 2073 K (c).

The precipitated particles in the solidified Cu-Ni-Csat alloy were shown in Fig. 2.17.
In this figure, the particles were classified into the relatively large particles, which were
approximately 5 μm and more in size, and the relatively small particles with
approximately 0.5 μm in size. Many of the large graphite particles were observed on the
alloys which were prepared at a higher temperature, and/or which included high nickel
content. These things indicated that the alloys contained the higher dissolved carbon
content. In addition, these particles had a variety of shapes, they were more or less
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angular in shape.

(a)

(b)

(c)

Fig. 2.17 Cross-section of Cu-Ni alloy at center area heated for 2 hours. (a) Cu-Ni 1.35
mass%, 2073 K, (b) Cu-Ni 3.13 mass% , 2073 K and (c) Cu-Ni 5.02 mass%, 2073 K.

Fig. 2.18 showed the distribution of graphite particles. In comparison between Fig.
2.18 (a) and Fig. 2.18 (b), as shown in Fig. 2.18 (b), many graphite particles were
observed in the sample which was prepared at higher the temperature, which meant that
the saturated carbon content in the sample was higher. The particles were in every place
of the whole sample, as shown in Fig. 2.18 (b) and Fig. 2.18 (c). However, the particles
did not exist uniformly, but existed unevenly, that is, many graphite particles were at
some place and a few particles were at other place in the sample. The large particles with
the size of 5 μm or more could be observed in Fig. 2.18. As shown in Fig. 2.18 (b), the
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nickel content in the metallic phase near the graphite particle was larger than that apart
from the graphite particle. Fig. 2.19 showed the binary phase diagram of Cu-Ni [13].
Cu-Ni alloy system was an all proportional solid solution. When the liquid marked (a),
was cooled, Ni rich phase was precipitated as a primary crystal. When the sample was
further cooled, and existed in the region of a liquid and solid Ni content in the liquid
phase was smaller than that before solidification. Because the saturated carbon content
decreased with the decrease in the nickel content, graphite could be easily precipitated
near the nickel rich phase.

(a)

(b)

(c)

Fig. 2.18 Cross-section of Cu-Ni alloy at lower area heated for 2 hours. (a) Cu-Ni 1.35 2073
K, (b) Cu-Ni 3.13 2073 K and (c) Cu-Ni 5.02 2073 K.

The upper part of the sample was considered to be the final solidification site.
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Because the relatively small particles were not observed at the upper part, the relatively
large particles precipitated from the liquid. Namely, because carbon dissolved in liquid
could diffuse more easily than that in solid, the particles grew more and became large. In
contrast to the large particles, the small graphite particles precipitated from the solid.
Therefore, the small graphite particles did not grow due to the slow diffusion in a solid
phase. The carbon distribution between a solid phase and a liquid phase was unknown. In
addition, the carbon diffusivities of a solid and a liquid phase had not been studied.
Therefore, the distribution ration and the diffusivity were necessary for more quantitative
consideration to the precipitation and growth of the graphite particles.

Fig. 2.19 Binary phase diagram of Cu-Ni system. [13]
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2.3.3 Vickers hardness.
The Vickers hardness was mainly measured for the annealed samples which
were prepared at the temperatures of 1673 K, 1873 K and 2073 K. Table 2.3 and Table
2.4 showed the data for Vickers hardness before and after heat treatment. Fig. 2.20 and
Fig. 2.21 showed the relations between the Vickers hardness and fused temperature. As
shown in Fig. 2.20, the hardness before heat treatment did not clearly relate with the
temperature. However, the hardness after the heat treatment increased linearly with the
temperature and nickel content, as showed in Fig. 2.21. Generally, the hardness after heat
treatment was smaller than that before heat treatment, as listed in Table 2.3 and Table 2.4
or as shown in Fig. 2.20 and Fig. 2.21. This indicated that as casted copper alloy before
heat treatment included dissolved carbon. The as casted alloy was strengthened by the
solution hardening of carbon.
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Table 2.3 Vickers hardness of each sample part before heat treatment.
T/K
1673
1673
1673
1673
1673
1673
1673
1673
1673
1873
1873
1873
1873
1873
1873
1873
1873
1873
2073
2073
2073
2073
2073
2073
2073
2073
2073

Ni, CNi /
mass%
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02
1.35
3.13
5.02

Position Vickers hardness, Hv / MPa Vickers hardness, Hv / MPa
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper

699.2
643.3
743.4
540.4
536.4
501.1
803.2
625.7
594.3
749.3
590.4
543.3
522.7
543.3
544.3
583.5
602.1
534.5
645.3
632.6
645.3
564.9
585.5
565.9
556.1
582.5
542.3
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695.3

525.7

674.7

627.6

536.4

573.7

640.4

572.7

560.0

Table 2.4 Vickers hardness of each sample part after heat treatment.
T/K

Ni CNi / mass%

1673
1673
1673
1673
1673
1673
1673
1673
1673
1873
1873
1873
1873
1873
1873
1873
1873
1873
2073
2073
2073
2073
2073
2073
2073
2073
2073

1.35
1.35
1.35
3.13
3.13
3.13
5.02
5.02
5.02
1.35
1.35
1.35
3.13
3.13
3.13
5.02
5.02
5.02
1.35
1.35
1.35
3.13
3.13
3.13
5.02
5.02
5.02

Position Vickers hardness,
Hv / MPa
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper
Lower
Center
Upper

562.9
509.0
492.3
479.6
614.9
540.4
551.2
581.6
535.5
513.9
561.9
552.1
564.9
558.0
574.7
596.3
619.8
660.0
647.3
586.5
547.2
593.3
599.2
581.6
664.9
607.1
690.4
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Vickers hardness,
Hv / MPa
520.8

545.3

556.1

542.3

565.9

625.7

593.3

591.4

654.1

Fig. 2.20 Relation between Vickers hardness before heat treatment and preparation
temperature of alloy.

Fig. 2.21 Relation between Vickers hardness after heat treatment and preparation
temperature of alloy.
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Table 2.5 showed the data of carbon content and their Vickers hardness in each
sample, and Fig. 2.22 showed the relation between the Vickers hardness and the saturated
carbon content. The Vickers hardness increased linearly with the increase in the saturated
carbon content. The phase diagram of Cu-C system indicated that carbon could not
dissolve into solid copper. In addition, judging from the carbon solubility in the molten
Cu-Ni-Csat in this work, carbon did not dissolve into solid Cu-Ni system. Therefore, this
increase in the Vickers hardness with the saturated carbon content did not resulted from
dissolved carbon but from the precipitated graphite particles. The hardness also increased
with the increase in the nickel content, as shown in Fig. 2.22. Consequently, carbon
saturated Cu-Ni alloy which was prepared in this work was hardened by precipitation

Vicker hardness, Hv / MPa

hardening of the graphite particles and solid-solution hardening of nickel.

700

600
Ni content, CNi / mass%

1.35
3.13
5.02
0

500

400
0

0.01
0.02
0.03
0.04
0.05
Saturated carbon content, Cc / mass%

Fig. 2.22 Relation between hardness and saturated carbon content.
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Table 2.5 Data of carbon content and their Vickers hardness in each sample.
Ni content, CNi / mass%

Carbon content, Cc / mass% Vickers hardness, Hv / MPa

1.35

0.0000

553

1.35

0.0034

521

1.35

0.0040

545

1.35

0.0091

556

3.13

0.0000

570

3.13

0.0040

543

3.13

0.0073

566

3.13

0.0289

625

5.02

0.0000

584

5.02

0.0091

591

5.02

0.0289

594

5.02

0.0370

654

2.4. Conclusions
Cu-Ni alloy which included nickel content up to approximately 5 mass% was
melted in the graphite crucible to prepare graphite dispersed Cu-Ni alloy. Solubility of
carbon in the Cu-Ni alloy and Vickers hardness were measured in this study. Main results
and conclusion were summarized as follows:
(1) The solubility of carbon in the molten Cu-Ni alloy increased with the temperature rise
and with the nickel content. The relation between solubility of carbon in molten Cu-Ni
alloy and temperature, T (1673 K ~ 2143 K) could be given by Eqs. (2-1) ~ (2-3).
(2) It was proposed that the interaction parameter, 𝜔CNi, for Cu-Ni-Csat (saturated carbon)
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was -17.1.
(3) Graphite particles were precipitated from the molten Cu-Ni-Csat. Vickers hardness of
Cu-Ni-Csat system increased with saturated carbon content and nickel content. The heat
treated Cu-Ni-Csat alloy was hardened by precipitation hardening of the graphite particles
and solution hardening of nickel.

It was tried that the graphite dispersed copper alloy composite prepared with
dissolution-solidification method. The carbon content in the prepared composite was up
to 0.05 mass%. Graphite dispersed copper alloy composite usually demanded carbon
content from approximately 20 mass% to 85 mass%. This carbon content was too small
in comparison with the carbon content in usual graphite dispersed copper alloy
composite.
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CHAPTER 3

SOLUBILITY OF NITROGEN GAS INTO MOLTEN COPPER AT
TEMPERATURE RANGE OF 1993 K TO 2443 K

3.1 Introduction
The various reactions of a molten metal at around smelting temperatures have been
studied until now to understand and improve smelting processes. A high temperature
process such as a thermal spraying comes to be used recently [1]. Thermodynamic data
above a smelting temperature have been needed so as to understand phenomena in a
higher temperature process. It is reported that nitrogen gas is insoluble in solid and liquid
copper at the temperature of up to 1673 K. In addition, no reaction between metallic
copper and nitrogen gas occurs [2, 3]. Accordingly, nitrogen gas has been considered to
be an inert gas like argon for example. However, copper nitride is synthesized by the
reaction between copper and ammonia and with a RF magnetron sputtering on copper in
the gas mixture of argon and nitrogen gas [4-6].
In chapter 2, solubility of carbon (graphite) into molten copper was measured to
prepare a graphite dispersed copper composite with casting method [7]. It was found that
the solubility of carbon steeply increased with the increase in temperature and/or the
nickel content, when the temperature exceeded approximately 2100 K. There is a
possibility that nitrogen gas dissolve in molten copper at a higher temperature. However,
the carbon solubility was not so large that large quantity of graphite could not precipitate
like cast iron. If the solubility of nitrogen in molten copper is large, it is anticipated that
copper nitride or nitrides of alloying elements in copper forms in copper alloy. Then, as a
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fundamental study, the solubility of nitrogen gas into liquid copper was measured in this
study.
3.2 Experimental
3.2.1 Preparation of copper-nitrogen composite
1) Apparatus
Fig. 3.1 showed the schematic of the experimental apparatus. The levitation
melting apparatus was used in this study for melting copper. Because this apparatus could
melt a copper without a crucible, a copper could be melted without contamination from a
crucible.

Two color thermometer

N2

Copper mold

Prism
Transparent quartz

Ar

tube
Mass flow

Molten copper

controller
Coil

Rubber tube

Liquid paraffin

Levitation melting apparatus

Cooling water

Water cooled copper mold

Fig. 3.1 Schematic of experimental apparatus.
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2) Sample preparation
The copper sample used in this study was cut from a copper rod with purity of
99.994 mass% to be 2.20  0.05  10-3 kg in weight.

3.2.2 Experiment procedure
The copper sample was levitation-melted in the induction furnace (130 kHz, 60
kW) in the gas mixture of nitrogen and argon gas flow with the flow rate of 8.33  10-5
m3∙s-1 (293 K, 101.3 kPa (NTP)). Composition of nitrogen gas in the gas mixture was 25
vol%, 50 vol% and 100 vol%. The gas flow rate of the mixed gas was controlled with a
mass flow controller. Purities of the nitrogen gas and argon gas were 99.9995 vol% and
99.999 vol% respectively. Temperature of the molten copper was measured with a two
color thermometer, and was controlled manually within the range of 10 K. Temperature
outputted from the thermometer was lower than that given from the thermocouple due to
the emissivity of copper. The temperature was calibrated by measuring the temperature of
a molten copper in MgO crucible in a high frequency induction furnace up to
approximately 2120 K with the two color thermometer and thermocouple (Pt-20 mass%
Rh, Pt-40 mass% Rh). In the case that the temperature of a molten copper exceeded
approximately 2120 K, the temperature was corrected by extrapolation of the obtained
calibration line.
The sample began to melt approximately 60 s later after it was levitated. The
levitated liquid copper reached the predetermined temperature approximately 40 s later
after the melting. The time when the melt arrived at the predetermined temperature was
used for the start time for the experiment. After the copper sample was held for a
predetermined time, the water-cooled copper mold shown in Fig. 3.1 was inserted from
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the bottom end of the quarts reaction tube. Immediately after the mold touched the
levitated copper, induction furnace was turned off and the copper sample was cooled
rapidly on the mold.
The sample was divided into two parts with a wire cutter and measured both
nitrogen and oxygen content in the copper sample with an inert gas fusion method
(Horiba EMGA 1300). The principle of detection of nitrogen in this apparatus was the
same as that in a gas chromatograph. The calibration line for analysis of oxygen and
nitrogen was drawn by using the standard sample for iron. As described later, nitrogen
content in the molten copper was very small. The copper sample for analysis was taken to
be as large as possible. The lower detection limit of nitrogen content could not be
reported simply because the product of the weight of a sample and its nitrogen content
determined the limit. However the limit was approximately 0.4 massppm. In addition, the
scattering of measured value was  0.2 massppm.

3.3 Results and discussion
3.3.1 Change in nitrogen concentration with time.
Fig. 3.2 showed the example of the change in nitrogen content in the molten copper
with time. The nitrogen contents under nitrogen gas and the mixed gas flows increased
with time, and were almost constant at the time of 180 s or more. Taking account of the
accuracy of analysis, it could be considered that the nitrogen content was equilibrated
with the given pressure of nitrogen approximately 180 s later.
Changes in oxygen content with time were shown in Fig. 3.3. These experimental
conditions shown in this figure were the same as those shown in Fig. 3.2. Even after 180
s when nitrogen content became constant, the oxygen content increased with time. This
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increase in the oxygen content resulted from oxidizing by impurities which nitrogen and
argon gasses included. The measured solubility of nitrogen gas was the one for the copper
of which oxygen content was 60 massppm to 120 massppm.

Fig. 3.2 Example of change in nitrogen content with time.

Fig. 3.4 showed the relation between the solubility of nitrogen and the temperature.
The calculated line in this figure was described later. Whereas the solubility of nitrogen
increased with the temperature rise, the solubility even at 2443 K was approximately 1.6
massppm and not so large. This solubility was approximately one quarter of that reported
previously [8].
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Fig. 3.3 Example of change in oxygen content with time.

Fig. 3.4 Relation between saturated nitrogen content and temperature.
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3.3.2 Activity coefficient of nitrogen
Fig. 3.5 showed the relation between the nitrogen content and square root of the
partial pressure of nitrogen in the gas mixture.

2443 K

(PN2)1/2
Fig. 3.5 Relation between nitrogen content in molten copper and square root of partial
pressure of nitrogen gas.

Here, the pressure was normalized by dividing the pressure expressed in Pa with 100 kPa.
Accordingly, the unit of atm could be attached to the value of the normalized pressure.
There was a good liner relation between the nitrogen content and square root of the
partial pressure of nitrogen. This suggested that the dissolution of nitrogen gas into liquid
copper obeyed Sieverts’ law. Namely, the dissolution reaction of nitrogen gas into molten
copper could be expressed as:

1
N (gas) = N
2 2
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(3-1)

Here, the underlined element was expressed the element dissolved into a molten copper.
The equilibrium constant, K, was given as
𝐾=

𝑎N
√𝑝N2

(3-2)

Here, aN was the activity of nitrogen which was based on the reference state of the
infinitely dilute solution of nitrogen in pure molten copper. The 𝑝N2 was the partial
pressure of nitrogen. The activity of nitrogen was expressed as:

𝑎N = 𝛾N [mass%N]

(3-3)

The activity coefficient of nitrogen, 𝛾N , was given as:

log𝛾N = log𝛾NN = 𝑒NN [mass%N]

(3-4)

where 𝛾NN and 𝑒NN were the interaction coefficient and the interaction parameter of
nitrogen respectively [3-9]. Because the dissolution of nitrogen gas into liquid copper
obeyed Sieverts’ law, the following relations were obtained.

𝛾N = 𝛾NN = 1

(3-5)

𝑒NN = 0

(3-6)

Accordingly, the equilibrium constant was expressed as:
73

𝐾 = [mass%N]

(3-7)

The standard reaction Gibbs energy, ∆r 𝐺 0 , for the reaction (3-1) was expressed as:

∆r 𝐺 0 = −𝑅𝑇ln𝐾

(3-8)

where R was the gas constant [J/(K∙mol)], T was the thermodynamic temperature [K].
This Gibbs energy could also be expressed as:

∆r 𝐺 0 = ∆r 𝐻 0 − 𝑇∆r 𝑆 0

(3-9)

where ∆r 𝐻 0 [J/mol] and ∆r 𝑆 0 [J/(K∙mol)] were standard reaction enthalpy and entropy
respectively. The equations (3-7)~(3-9) gave the following equation.

∆r 𝐻 0 ∆r 𝑆 0
ln[mass%N] = −
+
𝑅𝑇
𝑅

(3-10)

Fig. 3.6 showed the relation between natural logarithm of [mass%N] and the
reciprocal of the temperature. There was a good liner relation between them. This
suggested that ∆r 𝐻 0 and ∆r 𝑆 0 were considered to be constant irrespective to
temperature. ∆r 𝐻 0 and ∆r 𝑆 0 could be calculated from the gradient and the intercept of
this straight line respectively. ∆r 𝐻 0 was 61573 J/(molK), and ∆r 𝑆 0 was -48.75 J/mol.
Accordingly, equation (3-9) and (3-10) became:
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∆r 𝐺 0 = 61573 + 48.75𝑇

ln[mass%N] = −

7406
− 5.863
𝑇

(3-11)

(3-12)

These equations were used for a molten copper of which oxygen content was 60
massppm to 120 massppm. The solubility of nitrogen calculated from eq. (3-12) was
shown in Fig. 3.4. The line calculated from the equation (3-12) fitted the experimental
data well.

Fig. 3.6 Relation between natural logarithm of [mass%N] and reciprocal of temperature.

Because the value of the standard reaction enthalpy was positive, the nitrogen
absorption reaction given by the equation (3-1) was an endothermic reaction. Analysis of
the data given by Yatash et. al gave ∆r 𝐻 0 of 63378 J/(molK), and ∆r 𝑆 0 of -33.88
J/mol. The standard reaction enthalpy given by Yatash et al. was almost the same as those
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obtained in this work. However, the absolute value of the standard reaction entropy
obtained in this work was approximately 1.5 times as large as that of Yatash et al. This
difference in the entropy mainly influenced the difference in the solubility of nitrogen.
The standard reaction entropy for dissolution of nitrogen gas into liquid iron was
-20.17 J/(mol∙K) [10]. Generally, the standard reaction entropy for the reaction between a
gas phase and a condensed phase mainly depended on change in the entropy from a gas
phase to a condensed phase. Therefore, the value of the standard reaction entropy for
liquid copper might become the value similar to the entropy for liquid iron. Therefore, the
difference in the standard reaction entropies resulted from the entropy change in
condensed phases. The standard reaction entropy for dissolution of nitrogen gas into and - iron was -19.91 J/(mol∙K). This value was almost the same as the one for liquid
iron [10]. However, the standard reaction entropy for dissolution of nitrogen gas into iron was -37.42 J/(mol∙K) and was different from those for liquid, - and - iron. The
standard reaction entropy was different even if the reactions are as similar to each other.

3.4 Conclusion
Solubility of nitrogen gas into a molten copper was measured at the temperature
range of 1993 K to 2443 K using a levitation-melting apparatus. The dissolution of
nitrogen gas into molten copper obeyed the Sieverts’ law, which meant that absorption of
nitrogen gas into molten copper was expressed as:

1
N (gas) = N
2 2

Solubility of nitrogen gas into a molten copper of which oxygen content was 60
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massppm to 120 massppm was expressed as:

ln[mass%N] = −

7406
− 5.863 (T: 1993 K ~ 2443 K)
𝑇

The standard reaction Gibbs energy was expressed as:

∆r 𝐺 0 = 61573 + 48.75𝑇 [J/(molk)]

The maximum solubility of graphite on this experimental conditions was around
0.05 mass% and was too small, as described in the Chapter 2. In this chapter, the
solubility of nitrogen into a molten copper was studied to prepare the nitride dispersed
copper composite instead of a graphite dispersed copper alloy composite. Because the
solubility of nitrogen was approximately one-tenth of the solubility of graphite, the
preparation of nitride dispersed copper composite seemed difficult. However, because the
solubility of nitrogen was so small, nitrogen may be use as an inert gas to pure copper
like argon.
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CHAPTER 4

PREPARATION

OF

GRAPHITE

DISPERSED

COPPER

COMPOSITE ON COPPER PLATE WITH SPOT WELDING

4.1 Introduction
In previous chapter 2, the solubility of carbon into the molten copper-nickel alloy
(nickel content  5.0 mass%) was measured. It has been found in chapter 2 and previous
work [1] that the wetting of molten copper to graphite is improved at temperature above
approximately 2073 K. This suggests that the graphite dispersed copper composite can
be prepared by holding the mixture of copper and graphite at the temperature of 2073 K
or above.
Lumps of graphite dispersed composites are needed in some cases, and the
composites prepared only on the surface are demanded in other cases. One of the
heating machines which can locally heat materials to high temperature is a spot welder
[2]-[6]. Apart of that, spot welding can heat a substance for a short time and is in no
need of complex material preparation. Then, graphite particles on a copper plate were
spot-welded in order to prepare the copper-graphite composite only on the copper
surface. Usually, operation parameters of a spot welding are a compressive load and an
electric current flow. The spot welding has been carried out by changing these
parameters. In addition, the sequential operation which consisted of placement of the
graphite particles on the copper plate and spot welding were repeated because graphite
particles did not adhere to the copper plate by a one-time spot welding. Influences of the
compressive load, the electric current flow and the repetition number of the operation on
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the Vickers hardness as well as the carbon content were studied in this work.

4.2 Experimental
4.2.1 Materials used
Commercially available pure copper plate (the purity: 99.9 mass%) with 1 mm in
thickness and graphite particles (SEC-Carbon purity of 99.97 mass%) with 50 m in
average size were used in this study. The copper plate which was cut from the plate was
15 mm width by 50 mm. To remove unnecessary substances such as grease, house dust
and so on, the copper plate was cleaned with an ultrasonic washing machine (45 kHz,
300 W) in which acetone was filled. Graphite powder was grounded with an agate
mortar and a pestle. The ground particles were passed through the sieve of which
opening was 20 m.

SEM image of the graphite particles used for this study was

shown in Fig. 4.1. The particles were approximately 5 m in average size. The
relatively large and small particles were flat and angular in shape respectively.

Fig. 4.1 SEM image of ground graphite particles used in this work.
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4.2.2 Specimen preparation and apparatus
The graphite particles were placed between the two copper plates, as shown in
Fig. 4.2. The layer of graphite particles sandwiched between the two copper plates was
approximately 0.8 ~1 mm in height. The sample was fixed by a wooden clip so that the
graphite particles did not fall during welding.

Fig. 4.2 Schematic of main part of apparatus for preparation of graphite dispersed
copper composite with resistant spot welder.

The sample was set between the two copper electrodes of the spot welding
machine. Subsequently, it was compressed by the electrodes. The compressive loads
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were 0.0 kN, 1.3 kN, 3.5 kN and 5.7 kN. Because the deformed area was approximately
100 mm2, the compressive stresses were 0.0 MPa, 1.3 MPa, 3.5 MPa and 5.7 MPa
respectively. Pulsed electric current was energized for 50 ms every pulse 6 times (total
300 ms) by the one spot welding to the sample during the compression. The electric
currents were 0 kA, 10 kA and 16 kA.

4.3.3 Analyzation
A series of operations which were consisted of the placement of graphite particles,
the spot welding, and the ultrasonic cleaning was performed repeatedly. The surface and
the cross section of the copper plate were observed using a SEM (scanning electron
microscope) and a laser microscope. Carbon content in the surface was analyzed with an
EDX (Energy dispersive X-ray spectroscopy) equipped with the SEM. Therefore, the
carbon content was the value for the surface of the plate. The quantity of graphite
adhered to the copper plate was evaluated with this carbon content. The carbon content
at seven different places were measured with an area analysis of the EDX. The
measured area size was approximately 0.02 mm2. The carbon content was evaluated
with the mean of seven measured values. The maximum scattering of the carbon
contents was approximately  15% for the mean value. Vickers hardness was measured
with a micro Vickers hardness tester on the load condition of 0.98 N. The hardness was
measured at five positions from the center of the part deformed by the compression,
which was the spot welding are, to the periphery of it. The hardness was evaluated with
the mean of ten measured values. In addition, the hardness was measured at the matrix
of copper except graphite particles in the composite. The maximum scattering of the
measured hardness was  10% for the average value.
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4.3 Results and discussion
4.3.1 Quantity of adhered graphite
After the spot welding, two copper plates prepared without an electric current
flow were not attached each other. However, two plates prepared with an electric current
flow were attached each other on certain occasions. This suggested that the two copper
plates were spot-welded. However, these attached plates could be separated easily by
hand. This adhesion was easy to occur when the compressive load and/or the electric
current flow were large. Even if the compressive load and the electric current flow were
large, this spot welding did not always occur. This meant instability of this preparation
method. Furthermore, the electrode and the copper plate were never welded each other.
The copper plate was cleaned with the ultrasonic washing machine after the spot
welding. The particles which did not come off the plate even with this ultrasonic
cleaning were considered to be the particles which stuck firmly to the copper plate.
Fig. 4.3 showed the relation between the carbon content in the copper plate and
the repetition number of the compression, in the case that an electrical current was not
energized through the sample at compression. Generally, after the carbon content
steeply increased with the increase in the repetition number, it slightly increased with
the repetition number. In addition, the carbon content increased with an increase in the
compressive load. Here, the carbon content in the upper copper plate was almost the
same as that in the lower copper plate. There was no systematic difference in both the
carbon contents.
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Fig. 4.4 Relation between carbon content and repetition number of compression for
composite prepared with electrical current flow.
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Fig. 4.4 showed the relation between carbon content in the copper plate and the
repetition number of the compression, in the case that an electrical current was
energized through the sample at compression. The carbon content increased with an
increase in the compression load as well as the repetition number. These behaviors of
the carbon contents were qualitatively the same as those for the composites prepared
without an electric current flow. In addition, the carbon content increased with an
increase in the electric current flow. In comparison with the carbon content as shown in
Fig. 4.3, the carbon content in the composite prepared with an electric current flow was
approximately five times larger than that without an electric current flow.

4.3.2 Graphite particles in composite
Fig. 4.5 showed the surface of the composite prepared without an electric current
flow. As shown in Fig. 4.5 (a), the graphite particles were hardly observed in the
macroscopic image. The particles were observed on the plate before the ultrasonic
cleaning, whereas most of them were removed by the ultrasonic cleaning.
Microscopically, the graphite particles locally adhered to the copper plate, as shown Fig.
4.5 (b). Because there were a lot of places where the graphite particles distributed as
shown Fig. 4.5 (b), it could be said that the graphite particles distributed sparsely. As
shown in Fig. 4.5 (b), the hollows like craters were observed on the plate. These showed
traces where the particles had been plunged.
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Fig. 4.5 Surface and cross section of composite prepared without an electric current
flow. (The repetition number: 20, the compressive load: 5.7 kN,) Figures (a) and (b)
macroscopically and microscopically showed the surface of the copper plate
respectively.

Therefore, the mechanism of plunging the graphite particles in a copper plate
could be explained as follows. When a flat particle, which meant the relatively large
particle, was plunged into a copper plate as shown in Fig. 4.6 (a), the pressed particle
made a dent on the plate surface. Because this particle was only pressed, particle did not
adhere chemically to the copper plate and was easily removed from the plate by the
ultrasonic washing. When an angular sharp particle, which meant the relatively small
particle, was plunged into a copper plate as shown in Fig. 4.6 (b), the compression made
the particle stuck in the plate. This particle did not bond with copper chemically but was
fastened by deformation of the copper plate. Therefore, the ultrasonic washing could not
remove this plunged particle.
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Fig. 4.6 Outline of mechanism for formation of graphite dispersed copper composite
prepared without electric current flow. Fig. (a) showed the mechanism for a relatively
large and flat particle. Fig. (b) showed the mechanism for a relatively small and angular
particle.

Fig. 4.7 showed an example of the composite prepared with an electric current
flow. The surfaces and the cross sections of the composites prepared on the different
compressive load and electric current were almost the same as those shown in Fig. 4.7.
Numerous graphite particles adhered to the copper plate, as shown in Figs. 4.7 (a) and
(b). Except for the graphite particles sandwiched between the copper plates, the number
of the particles on the plate before the ultrasonic cleaning was almost the same as that
after the cleaning. Fig. 4.7 (c) showed the cross section of the plate near the surface. The
graphite particles were consolidated into an aggregate form. Its cross section was looked
to be the section of a layer. This graphite aggregate was on the copper plate and was
composed of graphite particles and copper. In addition, the sizes of them became large,
in comparison with those of the graphite particle before the experiment. Fig. 4.7 (d)
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showed the cross section of the composite where the copper plates were spot-welded.
Many graphite particles were observed not only at the surface of the copper but also in
the copper. The graphite particles were polygonal in shape and composed of graphite
and metallic copper.

Fig. 4.7 Surface and cross section of composite prepared with an electric current flow
(The repetition number: 20, the compressive load: 5.7 kN, the electric current: 16.7 kA).
Figures (a) and (b) macroscopically and microscopically showed the surface of the
copper plate respectively. Figure (c) showed the cross section of the copper plate. Figure
(d) showed the cross section of the copper at the place where the copper plates were
welded each other.
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Here, it was assumed that electric current flowed through a graphite plate instead of
graphite particles layer. When an electric current flowed in the graphite plate, the
graphite plate was heated by the Joule’s heat as:

𝐶p

𝐴𝐿𝑑
𝐿
(𝑇 − 𝑇298 ) = 𝜌 𝐼 2 𝑡
𝑀C
𝐴

(4-1)

where A was the cross-sectional area of the plate [m2], L the thickness of the plate [m], d
the density of graphite, Mc the molar mass of graphite [kg/mol], Cp the molar heat
capacity of graphite at constant pressure [J∙mol-1∙K-1], I the electric current [A], 𝜌 the
electrical resistivity [Ω ∙ m]7), t the time [s] and T298 the temperature of 298 K. From this
equation, the temperature of the graphite plate, T, was expressed as:

𝑇=

𝜌𝐼 2 𝑡𝑀C
+ 𝑇298
𝐶p 𝐴2 𝑑

(4-2)

Table 4.1 Values used for calculation.
Area,

Density,11)

Molar mass,

Electric resistance7),

Heat capacity8), Time,

A / m2

d / kg∙m-3

Mc / kg∙mol-1

 / m

Cp / J∙mol-1∙K-1

t/s

1 10-4

2.3  103

12  10-3

0.0138

18.77

0.3

Table 4.1 showed the values used for this calculation. The value of the heat
capacity was extrapolated to 10000 K based on the reported values from 298K and 1500
K.8) Similarly, the molar heat capacity was obtained by averaging the values from 298K
to 10000 K. This averaging was used to simplify the calculation.
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Fig. 4.8 Relation between calculated temperature of graphite plate and electric current.

Fig. 4.8 showed the relation between the temperature and the electric current.
Assuming that the electric resistance was ten times (10ρ) or one tenth (ρ/10) as large as
the value listed in Table 4.1, the calculated lines were also shown in this figure for
reference. The temperature of the graphite plate increased with an increase in the
electric current, and increased with an increase in the electric resistance. As shown in
Fig. 4.8, the temperature of the graphite plate was higher than a copper melting point
and easily arrived beyond 2100 K when the electric current of 10 kA or 16 kA flowed
through the graphite plate. This calculation suggested that copper was mainly heated by
the heat conduction from the electrically heated graphite.
In our previous study [6], it was found that saturated carbon content in a molten
copper steeply increased with the temperature rise of molten copper when it was held at
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the temperature above approximately 2100 K. In addition, a molten copper which was
held above this temperature could wet to a graphite crucible. In the case that the
composite was prepared with an electric current flow, the mechanism of formation of
graphite particles to a copper plate could be explained as shown in Fig. 4.9. Namely,
when a high electric current was energized through a plunged particle, copper around
the graphite particles was melted by the Joule’s heat. As described earlier, the graphite
particles were different from the particles before the experiment. This suggested that a
copper around the graphite particle was heated to temperature above approximately
2100 K.

Fig. 4.9 Outline of mechanism for formation of graphite dispersed copper composite
prepared with an electric current flow.

Therefore, the graphite particles dissolved into the molten copper entirely or
partially. The graphite particles precipitated from the liquid copper under cooling. This
dissolution and precipitation caused not only that the particles were consolidated with
copper but also that the graphite particles became round. Furthermore, the graphite
particles could not be eliminated by the ultrasonic cleaning because the molten copper
could wet the graphite particle. Copper was observed between the graphite particles at

92

the upper part of the copper plate. This suggested that the molten copper rose up by the
capillarity. In the case that the adhesion due to the spot welding occurred, the part of
melted copper was enlarged deeply in the plate. This meant the temperature of the melt
part was higher. During cooling, the graphite precipitated from the melt which the
graphite dissolved into.

4.3.3 Vickers hardness

Vickers hardness, Hc / MPa

1) Hardness
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Repetition number of compression

Fig. 4.10 Relation between Vickers hardness and repetition number of compression for
composite prepared without an electric current flow.

As described earlier, the hardness was measured from the center of the spot welding
to the periphery of it. It was judged from the maximum scattering that the measured
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hardness did not depend on the distance from the center. Fig. 4.10 showed the relation
between the Vickers hardness and the repetition number of compression, in the case that
the composite was prepared without an electric current flow. Generally, the Vickers
hardness steeply increased with the increase in the repetition number. Subsequently, it
slightly increased with the repetition number. The Vickers hardness increased with an
increase in the compressive load. These dependencies of Vickers hardness on the
repetition number and compressive load were as similar as the dependencies of the

Vickers hardness, Hc / MPa

carbon content.
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4.11 Relation between Vickers hardness and repetition number of compression for
volume Fig.
fraction
c
composite prepared with electric current flow.

Fig. 4.11 showed the relation between the Vickers hardness and the repetition
number of compression, in the case that the composite was prepared with an electric
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current flow. Generally, the Vickers hardness decreased at the first compression. This
resulted from the annealing, as described later. Subsequently, it increased with an
increase in the repetition number of compressive load and the electric current value. The
Vickers hardness increased with an increase in the compressive load and an increase in
the electric current. In comparison with the hardness as shown in Fig. 4.10, in general,
the hardness of the composite prepared with an electric current flow was smaller than
that prepared without an electric current flow.

2) Hardness relation with carbon content
Fig. 4.12 showed the relation between the Vickers hardness and the carbon
content. Generally, the Vickers hardness linearly increased with an increase in the
carbon content. In addition, the hardness for the composite prepared without an electric
current flow was larger than that for the composite prepared with an electric current
flow. The dependencies of the hardness on the carbon content, which were the gradients
of the straight lines given by the regression analysis, were classified into two groups.
One group was for the composite which was prepared without an electric current flow.
The gradient for them was approximately 9.0 MPa / mass% C. Another group was for
the composite which were prepared with an electric current flow. There were two
regression lines for the composite which were prepared with an electric current flow.
The lower and the upper lines were for the composites with and without the adhesion
due to the spot welding respectively. These gradients were approximately 4.1 MPa /
mass% C.
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Fig. 4.12 Relation between Vickers hardness and carbon content.

As shown in Fig. 4.12, the intercept which was the hardness at the carbon content
of zero mass% expressed the hardness of the copper matrix. The hardness of the copper
matrix for the composite prepared without the electric current flow was the highest and
was the same as that for as received copper plate. The hardness of the copper matrix for
the composite prepared with the electric current flow was lower than that without the
current flow because of the annealing due to the Joule’s heat. In addition, the hardness
of the copper matrix with the adhesion due to the spot welding was smaller than that
without the adhesion. As described earlier, the composite with the adhesion was
annealed sufficiently because the temperature at the surface of it was higher than that
without the adhesion.
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3) Hardening mechanism
The dependency of the hardness on the carbon content had made sense if the
composite was reinforced only by the solid-solution strengthening. Because most
carbon existed as graphite, the relation between the hardness and the carbon content
showed only the empirical correlation between them. The rule of mixtures expressed the
properties of a bulk composite such as the stress the elastic modulus, the strain and so
on. The equations which expressed the upper and the lower bounds for the properties of
particle-reinforced composites were known [9]. In this study, the composite material
was prepared only on the copper surface. In addition, the hardness was measured at an
only copper matrix in the composite. Applying these equations which gave the bounds
to the hardness of this composite, the following equations were obtained [10].

𝐻C = 𝐻Cu (1 − 𝑓g ) + 𝐻g 𝑓g

(4-3)

1 − 𝑓g 𝑓g
1
=
+
𝐻C
𝐻Cu
𝐻g

(4-4)

where H was the hardness [Pa], f the volume fraction, subscript C, Cu and g indicated
the composite, copper and graphite respectively. The volume fraction of graphite was
calculated from the carbon content, densities of copper and graphite [11, 12].
Fig. 4.13 and Fig. 4.14 showed the adaptability of eq. (4-3) and eq. (4.4) to the
relation between the Vickers hardness and the volume fraction of graphite. Good linear
relations were identified in both figures, and this meant that the relation between the
hardness and the volume fraction of graphite could be expressed by both eq. (4-3) and
eq. (4-4). The relation between the hardness and the volume fraction of graphite given
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by eq. (4.4) was also shown as broken lines in Fig. 4.13. It could not be judged from the
compatibility of the experimental data to the equations which equations expressed the
relation between the hardness and the volume fraction.
The following things could be said on the hardness of the copper matrix given
from these two expressions. The hardness of the copper matrix for the composite
prepared without the electric current flow was the highest. It without the adhesion in
case of the electric current flow was second highest. It with the adhesion in case of the
electric current flow was the lowest. Here, the value of HCu given by eq. (4-3) and eq.
(4-4) were different each other. Similarly, the value of Hg were different each other. This
resulted from that those values obtained from a regression analysis based on eq. (4-3)
and eq. (4-4). These things originated in being annealed or not, and annealing
temperature, as described earlier. Similarly, the following things could be said on the
hardness of the graphite, Hg, given from these two expressions. The hardness of the
graphite for the composite prepared without the electric current flow was the highest. It
without the adhesion in case of the electric current flow was second highest. It with the
adhesion in case of the electric current flow was the lowest. However, the hardness of
the graphite for the composite should not be changed by the preparation conditions,
because the graphite particle was solid.

98

900

Eq. (4-4)

1.3 kN, 0 A
3.5 kN, 0 A

800

5.7 kN, 0 A
1.3 kN, 10 kA

As recieved

700

Eq. (4-3)

3.5 kN, 10 kA
5.7 kN, 10 kA

600

1.3 kN, 16 kA

500

3.5 kN, 16 kA

0

0.25
0.5
0.75
1
Volume fraction graphite, fg

5.7 kN, 16 kA

Reciprocal of Vickers
hardness, Hc / MPa

Fig. 4.13 Relation between Vickers hardness and volume fraction of graphite.
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Fig. 4.14 Relation between reciprocal of Vickers hardness and volume fraction of
graphite. (Adaptability of eq. 4.4 for the relation)
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In this study, the hardness measurement was performed for a copper matrix in the
composite. Therefore, the hardness of graphite did not directly influence the measured
hardness. An indenter was pushed into a material in the indentation hardness test like a
Vickers hardness test, Brinell hardness test and so on. The indenter deformed a
materials plastically. This lead to the work hardening. In this study, because graphite
particles were pushed into a copper plate, copper in the vicinity of the graphite particle
was deformed and work hardened. Fig. 4.15 showed the schematic explanation of
hardening method after graphite particles were pushed into copper. Because the
hardness of the deformed copper was considered to be influenced by the preparation
conditions, the hardness of graphite, Hg, could be changed by the conditions. As a
practical matter, the hardness of graphite, Hg, in the expressions was really the hardness
of the copper around the particle. Here, a spot welding was composed of compression,
energization under compression and removal of compression. Even if the copper in the
vicinity of the graphite particle was fused, the copper near the graphite particle was
deformed. It could not be determined which eq. (4-3) and eq. (4-4) more expressed the
experimental data. Because the rule of mixture given by eq. (4-3) and (4-4) could be
applicable to the properties of bulk composite, the further study was needed to clear the
mechanism of the reinforcement of the composite prepared in this study.
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Fig. 4.15 Schematic explanation of hardening of composite

Fig. 4.16 showed the relation between the Vickers hardness and the depth from
the surface of the plate. In the case of the composite prepared without an electric current
flow, the Vickers hardness at the depth of 0.05 mm became larger than that at the
surface. Subsequently, the hardness decreased with an increase in the depth. The spot
welding contained the compression process. This compression caused the deformation
of the surface, and made the surface hardened. The graphite particles which were
pushed into the surface transformed the copper plate. The deformation on the surface
was easily relaxed by the change in volume of the copper plate surface, but the volume
could not change freely inside of the copper plate. Therefore, the hardness at the depth
of 0.05 mm became larger than that at the surface due to the work hardening. In addition,
the hardness gradually decreased because the work hardening did not influence deeply.

101

Vickers Hardness, Hc / MPa

Compressive load,
electric current
1.3 kN, 0 A
3.5 kN, 0 A
5.7 kN, 0 A
1.3 kN, 10 kA
3.5 kN, 10 kA
5.7 kN, 10 kA
1.3 kN, 16 kA
3.5 kN, 16 kA
5.7 kN, 16 kA
As received

1200
1000
800
600

400
0

0.2
0.4
0.6
0.8
Distance from surface, l/mm

Fig. 4.16 Relation between Vickers hardness and depth from surface.

In the case of the composite prepared with an electric current flow, generally, the
Vickers hardness at the depth of 0.05 mm became smaller than that at the surface.
Subsequently, the hardness increased with an increase in the depth. The drop of the
hardness tended to become large with increases in the compressive load and electric
current. The graphite particles were scarcely observed at the depth of 0.05 mm. The
copper plate was softened by the annealing. In addition, the hardness gradually
increased, because the annealing did not influence deeply. From the view point of heat
conduction, the temperature at the copper surface which contacted with the graphite
particles was the highest, the temperature in a copper plate decreased with an increase in
the depth. Therefore, it was anticipated that the hardness decreased with an increase in
the depth.
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4.4 Conclusion.
The copper plates which contained graphite particles between them were
spot-welded to prepare the graphite dispersed copper composite on a copper plate. The
results obtained were summarized as follows:
(1) The composite which was prepared only by the compression of graphite particles
without an electric current flow was produced by plunging the relatively small graphite
particles. The carbon content in the composite increased with the repetition number of
the compression and the compressive load.
(2) When an electric current was energized through the sample at the compression, the
copper around the graphite particle melted locally. The graphite particles partially or
wholly dissolved into copper melt. Undissolved graphite particles adhered to the copper
by the melting. The graphite particles were precipitated from the molten copper under
cooling. The carbon content in the composite became higher than that prepared without
an electric current flow.
(3) The Vickers hardness of the copper matrix in the composite and the volume fraction
of graphite were expressed by the rule of mixtures given by eq. (4-3) and eq. (4-4).

It was tried that the graphite dispersed copper alloy composite prepared only on a
copper surface with the spot welding method. The carbon content in prepared composite
was approximately 50 mass%. This composite satisfied the carbon content of usual
composite which demanded carbon content from approximately 20 mass% to 85
mass%.
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CHAPTER 5

PREPARATION

OF

GRAPHITE

DISPERSED

COPPER

COMPOSITE ON SURFACE OF COPPER PLATE WITH CARBON
DIOXIDE LASER

5.1 Introduction
Laser processing is well known to be useful in many fields. Laser processing has
been used for materials development as one of applications. Many researchers have
employed laser beam to synthesis or coating metals. Laser can produce fine structures in
surface region of the metallic substrate coated with ceramics [1]. Laser provides a
concentrated heat source, which allows us to perform processing precisely and fast. The
heat source from laser can lead to partially melting of substrate, which results in
metallurgical bond between two materials. In addition, appropriate control of the laser
beam can fabricate composite with desirable properties. A laser has been used for the
preparation of substances by Nedyalkov et al. [2], the surface treatments by Garbacz et
al. [3] and cutting by Yilbas et al. [4]. Al-Nimr et al. [5] reported that a laser could heat
the materials locally to higher temperature for a short time. Liu et al. [6] mentioned that
laser could be used for a small part such as the brush materials of a small DC motor.
Tribological performance could also be improved by laser treatment [7-13]. Kang et al.
[1] used laser remelting process to refine microstructure and decrease surface roughness
of hypoeutectic Al-Si coating.
In the previous work [14], it was found that the solubility of graphite into molten
copper steeply increased at the temperature above approximately 2100 K. In addition,
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the molten copper adhered on graphite crucible when it was held at approximately 2100
K and over. This indicated that the molten copper could wet to graphite at a higher
temperature.
Bulk of graphite dispersed copper composite has been demanded for sliding
contact such as the pantograph. However, there are cases where surfaces of materials are
covered with this composite. Then, in Chapter 4 [15], a spot welding was used for
preparation of this composite on a copper surface. The carbon content in the composite
prepared on the copper plate arrived up to approximately 60 mass%. In addition to a
spot welder, a laser can heat the materials locally to a higher temperature for a short
time. Then, the laser processing was applied in this study to prepare the graphite
dispersed copper composite at the surface of a copper plate.

5.2. Experimental
5.2.1 Preparation of copper plate
A commercially available pure copper plate (purity 99.9 mass%) with 1 mm in
thickness and graphite powder (99.97 mass%) with the average size of 50 m were used
in this study. The copper plate was cut into a rectangular with 15 mm width and 50 mm
long by a shearing machine. The copper plate was cleaned in an ultrasonic washing
machine filled with acetone to remove unnecessary substances such as grease,
laboratory dust and so on. The graphite powder was ground with an agate mortar and
pestle to reduce size of the graphite particle. Fig. 5.1 showed the ground graphite
particles. Most of the particles were flake-like in shape with an average size of ca. 5 μm.
The other particles were angular in shape with an average size of ca. 2 μm.
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Fig. 5.1 Ground graphite particles used for experiment.

The following methods were attempted to fix graphite particles to a copper plate
before laser irradiation. When a laser was irradiated to the copper plate on which
graphite powder was laid simply, the graphite powder was eliminated from argon gas
introduced flow introduced with laser beam. Therefore, it was needed that the graphite
powder was fixed to a copper plate to prevent them from being blown off by argon gas
flow. Then, it was attempted that the graphite powder was plunged into a copper plate
by rolling. The copper plate with graphite powder was rolled using the rolling mill
(Yoshida Kinen Co.) at room temperature with the rolling reduction ratio of 20 %. Here,
the reduction ratio was given as dividing the difference between the thicknesses of the
plate before rolling and the gap between the rolls with the thickness of the plate before
rolling.
However, when the copper plate on which the graphite particles were put was
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rolled, the roll swept out the particles from the surface of the plate. So as to deal with
this removal by the rolls, an aqueous solution which was prepared with starch glue and
water was painted on the copper plate. The graphite particles were put evenly on the
plate surface before drying the solution. After naturally drying it, the plate with graphite
particles was rolled. The graphite particles were pushed into the copper plate, but most
particles were removed from the surface when the plate was tapped with a finger. When
such plate was irradiated by a laser, the graphite particles on the copper plate were also
removed. This indicated that the particles were not plunged into the copper plate deeply.
It was considered that the copper plate was so hard that graphite particles could
not be plunged into the plate. Because the copper plate was work-hardened on its
production, the copper plate was annealed to soften it. The anneal was performed under
argon (purity: 99.9995 vol.%) gas flow in an electric resistance furnace at 873 K for one
hour. Fig. 5.2 showed the procedure of the sample preparation used for laser irradiation.
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Fig. 5.2 Summarization for preparation of sample used for laser irradiation
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Fig. 5.3 Surfaces of copper plate rolled with graphite particle (as-rolled sample), (a),
and ultrasonically washed as-rolled sample (ultrasonic-cleaned sample), (b). Fig. 5.3 (c)
was the microscopic image of Fig. 5.3 (b).

Fig. 5.3 (a) showed the copper plate which was rolled with the graphite particles.
The particles covered the copper plate. When the copper plate with graphite particles
was rolled, the particles were plunged into the copper plate. The relatively large flat
particles were shallowly pushed into the copper plate, whereas the relatively small
angular particles were stuck into the copper plate by the rolling. Both particles were
mechanically fixed by the deformation of the copper plate. The graphite particles which
were plunged into the copper plate by rolling did not fall with a finger tapping.
Afterwards, this sample was called “as-rolled sample”. However, the relatively large flat
particles on the as-rolled sample were removed after the ultrasonic-washing, as shown
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in Fig. 5.3 (b). As shown in Fig. 5.3 (c), the relatively small angular particles were fixed
so firmly that they were not eliminated even by the ultrasonic cleaning. Afterwards, the
sample which was ultrasonic-washed after the rolling was called “ultrasonic-cleaned
sample”.

5.2.2 Procedure
Fig. 5.4 showed the schematic of main part of experimental apparatus. Carbon
dioxide gas laser (Mitsubishi Electric ML806T3+3016C) was irradiated to the as-rolled
sample. The laser was operated at a single mode with power of 3 kW per one pulse and
10 pulses per laser irradiation time of one second, and spot diameter of ca. 12 mm. The
irradiation time was changed from 2 s (200 pulses) to 24 s (240 pulses). Argon gas
(99.9995 vol%) was introduced through a nozzle before, during and after the laser
irradiation to prevent both the copper plate and the graphite particles from being
oxidized. In addition, a paper circular tube was placed around the copper plate to
prevent the argon from being mixed by the air. After the laser irradiation, the copper
plate was cooled to the room temperature under an argon gas flow.
After the laser irradiation, the copper plate was immersed in an ultrasonic washing
machine to remove unnecessary graphite particles from the plate. The graphite particles
which were not removed by this ultrasonic cleaning was considered to be the particles
firmly adhered to the copper plate. The surface of the copper plate was observed using
laser microscope (KEYENCE VK 8510) and SEM (scanning electron microscope,
JEOL JSM6300). Similarly, the cross section of the plate in a resin was also observed
with them. Carbon content of the surface was analyzed with an EDX (Energy dispersive
X-ray spectroscopy) equipped with the SEM. Area with approximately 100 μm square
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was analyzed with the EDX. The EDX gave the total carbon content which was sum of
carbon as graphite particles and dissolved carbon into a copper plate. However, because
the carbon content dissolved into a copper plate was not so large [14], the carbon
content given with an EDX mainly represented the amount of the graphite particles on
the surface. Naturally, carbon content in the as received copper plate was zero mass%.
The carbon content in the as-rolled sample and the ultrasonic-cleaned sample this was
approximately 22 mass% and 1.1 mass% respectively. The difference in carbon content
between the as-rolled sample and the ultrasonic-cleaned sample expressed the quantity
of the graphite particles which was removed by the ultrasonic cleaning. In addition, the
difference in carbon content between the ultrasonic-cleaned sample and the as received
copper showed the quantity of the angular particles which were fixed so firmly.

Fig. 5.4 Main part of apparatus with laser emission.
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Micro Vickers hardness of the copper matrix of the composite was measured with
the Micro Hardness Tester (HMV Shimadzu) on the load condition of 0.98 N. The
hardness was measured at five positions which were the same radial distance from the
center of the laser spot. The hardness was evaluated with the mean of ten measured
values. The maximum scattering was  10% for the average value.

5.3. Results and discussion
5.3.1 Fixation and elimination of graphite particles
1) Carbon content
Fig. 5.5 showed the relation between the carbon content on the copper surface and
the radial distance from the center of the laser spot. The carbon content which was
laser-irradiated for 6 s was almost constant below the distance of approximately 5.5 mm.
This carbon content was smaller than that in the as-rolled sample, and larger than that in
the ultrasonic-cleaned sample. This meant that some of the graphite particles which
should be removed by the ultrasonic cleaning were fixed in the copper plate. This
distance of approximately 5.5 mm was almost the same as the radius of the laser spot.
Subsequently, the carbon content decreased with an increase in the distance, and became
constant. This constant value was the same as the content in the ultrasonic-cleaned
sample. In the case that the copper plates were irradiated for 12 s, the carbon contents in
the region of the laser spot were almost the constant irrespective to the distance. This
carbon content was somewhat larger than that in the ultrasonic-cleaned sample.
Subsequently, the carbon content increased with an increase in the distance. After the
carbon content at the distance of 7 mm showed the maximum, it decreased to the
content in the ultrasonic-cleaned sample. In the case that the copper plates were
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irradiated by the laser for 24 s, the carbon contents in the region of the laser spot were
zero mass%, and were lower than that in the ultrasonic-cleaned sample. These carbon
contents were almost the constant irrespective to the distance. Subsequently, the carbon
content increased around the periphery of the laser spot to the carbon content in the
as-rolled sample, as the distance increased. After the carbon content was constant below
the distance of approximately 10 mm, it decreased with an increase in the distance. The
mechanism of the behavior of the carbon content was described later.

Carbon content, Cc / mass %
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Fig. 5.5 Change in carbon content with radial distance from center of laser spot.

Fig. 5.6 showed the relation between the carbon content and the laser irradiation
time. The carbon content at the center of the laser spot steeply decreased from the
content of the as-rolled sample until 11 s of the laser irradiation time. Subsequently, it
decreased gradually and finally reached the carbon content of ultrasonic cleaned sample.
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The carbon content at 7 mm of the distance from the center of the laser spot, the
position was the outside of the laser spot, increased from the carbon content which was
larger than that in the ultrasonic-cleaned sample to the carbon content in the as-rolled
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Fig. 5.6 Change in carbon content with laser irradiation time. Center and outside in this
figure indicated the center of the laser spot and the position which was 7 mm from the
center of the laser spot respectively.

2) Observation of surface of copper plate
Fig. 5.7 showed the center area of the surface of the copper plate irradiated with the
laser. First, the black particles were identified to be graphite by the EDS. In addition,
dark and light gray domains which were observed in Figs. 5.7 (b), (c) and (d) were
indifferent each other in chemical composition by the EDS. Second, the relatively large
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particles which were more than approximately 8 m were not observed in these figures.
Instead, some hollows like craters were observed. Judging from the sizes and shapes of
the hollows, the hollows were traces where the particles were pushed in by rolling.

Fig. 5.7 Center of copper plate irradiated with laser for (a) 6 s, (b) 12 s, (c) 18 s and (d)
24 s. The position was the center of the laser spot.

The number of relatively small particles which were less than approximately 5 m
decreased with the increase in the laser irradiation time. The particles of under around 2
m in size were observed in Fig. 5.7 (a). These small particles disappeared at and after
the laser irradiation time of 12 s, as shown in Figs. 5.7 (b) ~ (d). Finally, the surfaces of
the part except the hollows, as shown in Figs. 5.7 (b) ~ (d), became flatter than the
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surface shown in Fig. 5.7 (a). This flattering depended on the fusion of the copper. Fig.
5.7 (c) showed molten part as an example. This molten part was observed everywhere
on the sample. The change in the number of the graphite particles with time
corresponded with the change in the carbon content with time as shown in Fig. 5.6.

Graphite particles

Graphite particles

Graphite
particles

Graphite
particles

Fig. 5.8 Outside of laser spot of copper plate irradiated with laser for (a) 6 s, (b) 12 s, (c)
18 s and (d) 24 s. The position was approximately 7 mm apart from the center of the
laser spot.

Fig. 5.8 showed the surface at the outside of the laser spot. This position was
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approximately 7 mm from the center of the laser spot. First, the relatively large particles
which were more than approximately 8 m were not observed on the sample after the
laser irradiation of 6 s, and the number of them increased with the increase in the
laser-emission time. Therefore, the hollows which were traces of plunged the relatively
large particles decreased with the laser irradiation time. The number of relatively small
particles which were less than approximately 5 m was unchanged with the increase in
the laser irradiation time. Accordingly, quantity of the graphite particles increased with
the increased in the laser irradiation time. This behavior of the quantity of graphite
particles was almost the same as that of the carbon content as shown in Fig. 5.6.
Fig. 5.9 showed the cross section of copper plate after the of laser irradiation of 24 s.
First, some graphite particles were observed at the cross section. These particles were
observed even at the place where was apart from the laser spot, and this meant that these
particles were caught in the copper from the surface at the time of polishing. In addition,
any graphite particles did not appeared at this cross section even if the sample was
annealed at 2073 K for one hour. Therefore, graphite particles did not dissolve in molten
copper. Second, the surface of the copper plate was not flat but concave. This resulted
from graphite particles thickness on the copper plate was not uniform at the rolling. In
addition, this uneven surface suggested that entire surface was not melted.
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Graphite and

Resin

copper layer

Copper

Fig. 5.9 Cross section of copper surface after laser irradiation of 24 s.

Figs. 5.10 showed the upper part of the cross section after the laser irradiation of 24
s. Here, figs. 5.10 (b) and (d) were schematics for Figs. 5.10 (a) and (c) respectively. As
shown in Figs. 5.10 (a) and (b), the surface of the copper at the left hand side of the
graphite particle showed the convex in the downward direction, whereas the surface of
the copper at the right hand side of the graphite particle was obscure. The contact angle
was approximately 80 degrees, and this indicated that the molten copper wetted the
graphite particle. Similarly, as shown in Figs. 5.7 (c) and (d), the surfaces of the copper
at the left and the right hand side of the graphite particle showed that the molten copper
wetted the graphite particle because of the contact angle of approximately 80 degrees.
The contact angles could not be measured for the melt during the laser radiation. The
measured contact angles were for the solidified samples. However, it could be said that
the molten copper wetted well graphite particle. In our previous work [14], the molten
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copper which was held at approximately 2100 K or over could wet graphite. This
wetting also indicated that temperature of copper around the graphite particle arrived at
the temperature beyond approximately 2100 K.

Fig. 5.10 Upper part of cross section of copper plate at radial distance of 8 mm from
center of laser spot after laser irradiation of 18 s. Figs. (b) and (d) were schematic of
Figs. (a) and (c) respectively.

3) Mechanism of composite
It was assumed that the surface of the copper plate with surface area, A [m2], was
suddenly supplied by the heat, Q0 [J·s-1] from the laser. Unsteady heat conduction for
a semi-infinite body was given by the following equation, and initial and boundary
121

conditions:

𝜕 2 𝑇 1 𝜕𝑇
=
𝜕𝑥 2 𝛼 𝜕𝑡

(𝛼 =

𝜆
)
𝜌𝐶𝑝

(5-1)

𝑡 = 0, 𝑥 ≥ 0 → 𝑇 = 𝑇0
𝑡 > 0, 𝑥 = 0 →

𝑄0
𝜕𝑇
= −𝜆
𝐴
𝜕𝑥

(5-2)

where T was the temperature [K], x the depth from the surface [m], t the time [s],  the
thermal diffusivity [m2·s-1], Cp the specific heat capacity at constant pressure [J·kg-1·
K-1],  the density [kg·m-3], and  the thermal conductivity [W·m-1·K-1]. From eq.
(5-1) and eq. (5-2), the temperature distribution was given as:

𝑇 − 𝑇0 =

2𝑄0 √𝛼𝑡⁄𝜋
𝑥2
𝑄0 𝑥
𝑥
exp (−
)−
{1 − erf (
)}
𝜆𝐴
4𝛼𝑡
𝜆𝐴
2√𝛼𝑡

(5-3)

Here, the following values were used for the calculation of eq. (5-3). A was 1.13×10-4
m2 from diameter of the laser spot. In addition, Q0 was set to be 3000 J·s-1 which was
the input energy for the laser, whereas the all input energy was not used for heat.
Fig. 5.11 showed the temperature distribution. In the case that the laser irradiation
time was constant, the temperature at the surface was high and decreased gradually with
the increase in the depth. Generally, the temperature became high with the increase in
the laser irradiation time. The difference in temperature between the surface and the
backside of the copper plate was small because of the high heat conductivity of copper.
Whereas the one-directional heat conduction model expressed by eq. (5-1) and eq. (5-2)
could not be applied to the phenomena with three-dimensional heat conduction, this
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calculated results also indicated that heat easily conduct from the laser spot to the radial
direction. The temperature at the surface exceeded the melting point of copper after the
laser irradiation time of approximately 1.7 s. Similarly, the temperature at backside of
the copper plate exceeded the melting point after the irradiation time of approximately
1.8 s.

However, in this work, the backside of the copper plate did not melt even if the

laser was emitted to the copper plate for 24 s.
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Fig. 5.11 Temperature distribution in the copper plate given by heat conduction in case
of constant heat supply.

Usually, a metal was not so heated by the laser, because it reflected most laser
[16]. Therefore, absorption agent like carbonaceous material was painted on a metal
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before a laser cutting for example. The graphite was mainly absorbed the laser, and
was heated. As another of the characteristics, a laser could catch a particle, which
was called “laser trapping”. When the laser was irradiated to the copper plate with the
graphite particles, the graphite particles which were relatively large and flat in shape
were eliminated by the laser trapping.
Fig. 5.12 showed the schematic explanation for the phenomena occurred under the
laser-irradiation. The phenomena occurred in the area of the laser spot were as follows:
When graphite particles on the copper plate were irradiated with a laser for 6 s, the
relatively large particles which were shallowly pushed into the copper plate were
removed by the laser trapping. Hence, the traces in which the particles were pushed
remained. However, the particles which were plunged into the copper plate deeply
remained and heated. Copper around the graphite particles was heated and melted partly.
This heating enhanced the adhesion between the graphite particles and the copper plate.
Therefore, the graphite particles adhered on the copper plate could not be eliminated by
the ultrasonic cleaning. When the sample was laser-irradiated furthermore, the copper
around the remained graphite melted more. The remained particles were eliminated by
the laser trapping. Here, fixation of the graphite particles indicated that the temperature
of copper around the particles was beyond approximately 2100 K. The graphite particles
might dissolve into molten copper because the solubility of carbon steeply increased
beyond this temperature [14]. As mentioned earlier, no graphite precipitated from the
copper. It was considered that the amount of dissolution was small.
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Fig. 5.12 Schematic explanation of fixation and elimination of graphite particles by
laser irradiation.

The outside of the laser spot was not laser-heated and not laser-trapped. This are
could be heated by the conduction from the laser spot. Therefore, the particles at outside
of the laser spot were fixed by the wetting. This thing indicated that the temperature of
the molten copper was beyond approximately 2100 K. The fixed particles increased
with the increase in the laser irradiation time. The region of the fixation of the particles
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became wider with the increase in the laser irradiation time. The particles were not fixed
at the area so far from the laser spot.
This consideration suggested the following things so as to prepare locally the
graphite dispersed copper composite on a copper plate with a laser: The graphite
particles must be plunged into a copper plate. In the case that a laser was irradiated at
the place where the particles were wanted to adhere, a laser irradiation time should be
shortened. As another method, a laser was irradiated around the place where the
particles were wanted to adhere.

5.3.2 Vickers hardness
Fig. 5.13 showed the relation between the Vickers hardness and the time of laser
irradiation. The hardness of as rolled copper plate and copper plate annealed under
argon gas flow at 1073 K were also shown in this figure. The Vickers hardness of the
copper plate irradiated by a laser for 2 s was almost the same as the hardness of as rolled
copper. The Vickers hardness decreased to the hardness of the annealed copper with the
increase in the laser irradiation time, and the hardness for the sample laser-irradiated for
18 s or over was almost constant. The copper plate was sufficiently annealed because of
the constant hardness. The surface composite of the copper plate was work-hardened by
rolling. The temperature rise of the copper plate by the laser irradiation annealed the
copper plate, and this decreased the hardness. Therefore, this indicated that the laser
irradiation could anneal metal locally. As shown in Fig. 5.13, the Vickers hardness at the
center of the laser spot was lower than that at outside of the spot by approximately 100
MPa. It could be said that the hardness at the outside where many graphite particles
existed was larger than that at the center where a few graphite particles existed.
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However, contribution of graphite particles to the hardness was small.

Fig. 5.13 Relation between Vickers hardness and laser irradiation time.

Fig. 5.14 showed the relation between the Vickers hardness and the carbon
content. There was not distinctive relation between them. The relation between the
hardness of the composite and the carbon content for the sample which was prepared
with the spot welding was also shown in this figure. The sample with relatively high
Vickers hardness was prepared with relatively shorter laser irradiation time. Therefore,
these hardness were almost the same as that prepared by a spot welding the sample
without an electric current flow. The hardness of the sample prepared with relatively
longer laser irradiation time was almost the same as those prepared by a spot welding
the sample with an electric current flow. The composite prepared by a spot welding with
compressive load of 5.7 kN and electric current of 16 kA was most annealed in the
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composite prepared by a spot welding with loading of 1.3 kN -5.7 kN and electric
current of 10 kA and 16 kA. The hardness of the composite prepared by a laser
irradiation was smaller than that prepared by a spot welding on such conditions. This

Vickers hardness, Hv / MPa

indicated the heat by the laser heat annealed the composite sufficiently.
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Fig. 5.14 Relation between Vickers hardness and carbon content. Labeled number
expressed the laser irradiation time [s].

The rule of mixtures could express the properties of a bulk composite such as the
stress, the elastic modulus, the strain and so on. The two equations which expressed the
upper and the lower bounds for the properties of particle-reinforced composites were
known [18]. In this study, the composite material was prepared only on the copper
surface. In addition, the hardness of an only copper matrix in the composite was
measured. Applying these equations which gave the bounds to the hardness of this
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composite, the following equations were obtained [19].

𝐻C = 𝐻Cu (1 − 𝑓g ) + 𝐻g 𝑓g

(5-4) (reshown, see Chap. 4)

1 − 𝑓g 𝑓g
1
=
+
𝐻C
𝐻Cu
𝐻g

(5-5) (reshown, see Chap. 4)

where H was the hardness [Pa], f the volume fraction, subscript C, Cu and g indicated
the composite, copper and graphite respectively.

Fig. 5.15 Adaptability of Vickers hardness to composite law. Labeled number expressed the
laser irradiation time [s].

Fig. 5.15 showed the relation between the Vickers hardness and the volume
fraction of graphite. Here, the volume fraction of graphite was calculated by using mass
percentage of carbon, densities of graphite and copper [20][21]. There was no
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distinctive relation between them. Accordingly, the hardness of the composite prepared
by the laser irradiation could not be expressed by the rule of mixtures. This resulted
from that the hardness of copper matrix, HCu, was influenced by the laser irradiation
time, namely the annealing. In addition, the rule of mixtures was adaptable for the
properties of a bulk composite such as the stress the elastic modulus, the strain and so
on. As described above, relatively high Vickers hardness were almost the same as that
prepared by a spot welding the sample without an electric current flow. The hardness of
the sample prepared with relatively longer laser irradiation time was almost the same as
those prepared by a spot welding the sample with an electric current flow. The hardness
of the composite prepared by a laser irradiation was smaller than that sufficiently

Vicker hardness, Hv / MPa

annealed by a spot welding.
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Fig. 5.16 Relation between Vickers hardness and depth from laser irradiated surface.
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Fig. 5.16 showed the relation between the Vickers hardness and the depth from
surface where the laser was irradiated. In general, the hardness increased with an
increase in the depth until the depth of 0.1 mm. Subsequently, it was constant
irrespective to the depth. In addition, the hardness decreased with an increase in the
laser irradiation time. Whereas the hardness for the center at the surface was smaller
than that for the outside of the laser spot, as shown in Fig. 5.13, the hardness of the
inner side from the surface of the copper was almost the same irrespective to the
position.

5.4. Conclusion
It was tried in this study that graphite dispersed copper composite was prepared
locally on the surface of the copper plate with the CO2 laser. Then, after graphite
particles were plunged into a copper plate by rolling, the laser was irradiated on the
plate. Obtained results were summarized as follows:
1) Laser could heat a substance and catch a particle. When the laser was irradiated on
the graphite particles for a short time, the graphite particles which were pushed into the
plate deeply adhered on the surface of the plate, whereas the graphite particles which
were pushed shallowly were eliminated by laser trapping. When the laser was irradiated
for a longer time, surrounding of the remained graphite particles was melted. Most all
graphite particles were eliminated from the surface by the laser trapping.
2) The graphite particles at the outside of the laser spot were easy to remain on the
copper plate because the laser trapping did not act there in comparison with the spot.
This area was heated by the heat conduction from the laser spot, and the surface melted.
The particles was fixed by the wetting. The graphite dispersed copper composite could
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be prepared if the laser was irradiated near the place where we want to form the
composite However, the graphite particles were half-afloat from the copper plate.
3) Vickers hardness decreased with an increase in the laser irradiation time due to the
annealing. The hardness at the outside of the laser spot where the graphite particles
more remained was larger by approximately 100 MPa than that at the center.

It was tried that the graphite dispersed copper alloy composite prepared only on a
copper surface with CO2 laser. The carbon content in the prepared composite was up to
approximately 20 mass%. This composite satisfied lower level of the carbon content
from approximately 20 mass% to 85 mass%.
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CHAPTER 6

PREPARATION

OF

GRAPHITE

DISPERSED

COPPER

COMPOSITE WITH ADDITION OF GRAPHITE INTO MOLTEN
COPPER

6.1 Introduction
Because graphite-dispersed copper composite is a good heat and electric good
conductor and self-lubricity, it is suitable for sliding contact materials like a pantograph,
brush for a DC motor and so on. Many methods for preparation this composite have
been reported until now [1-14]. However, it has been usually prepared with the sintering.
The phase diagram of copper-carbon system has revealed that the solubility of graphite
into molten copper increased with an increased in the temperature. the recent study
revealed that the solubility of carbon into molten copper increased with an increase in
the temperature. the recent study revealed that the solubility of carbon into molten
copper steeply increased the temperature of more than approximately 2100 K [15]
In Chapter 4 and Chapter 5, it was tried to prepare the graphite-dispersed copper
composite on the copper plate locally. In Chapter 2, it was tried to prepare the
composite using precipitation from the molten carbon saturated copper-nickel alloy.
Then, in this chapter, it was tried to prepare the composite using additive amount of
graphite particles that was more than the amount of graphite predicted from the carbon
saturated copper alloy.
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6.2 Experimental
6.2.1 Specimen preparation
1) Materials
Copper (the purity: 99.9 mass%) and graphite powder (99.9 mass%) were used
for preparation of copper-graphite composite. Nickel (99.99 mass%) and iron powder
(99.9 mass%) were used as alloying elements. The graphite powder can be divided into
two types. The first type of graphite particles were ground particles with an agate mortar
and pestle to reduce the size of the graphite particle. Figs. 6.1 (a) and (b) showed us the
microstructure of the graphite before and after grinding. The ground particles were
passed through the sieve with opening size of 20 m. The ground graphite particles
were approximately 5 m in average size. The small graphite particles in Fig. 6.1 (b)
were flat and angular in shape respectively.

Fig. 6.1 SEM images of graphite particles used in this work. (a) was the particles before
grinding and (b) was the particles after grinding.
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The second type of particles were the ball-milled graphite particles. The grinding
was performed on the condition that the graphite particles were ball-milled with copper
ball for 20 hours inside centrifuge. The average diameter of the copper ball was 1 mm.
Copper balls used in the milling process were for preparation of certain specimen. Fig.
6.2 showed the surface of the copper ball after milling process. The milled copper ball
was dark black in color due to coating with graphite. The composition of modified
graphite particles were analyzed using the EDX. Table 6.1 showed the chemical
composition of the ground graphite particles and copper balls. The intensity of copper
was low in these graphite powder as could be seen in Fig. 6.3, but the powders included
copper.

Table 6.1 Chemical composition of ground graphite particles and copper ball.
Copper content, CCu / mass %

Carbon content, CC / mass %

Graphite particles

1.34

98.66

Copper ball

77.95

22.05

(

(

Fig. 6.2 Copper ball surfaces before ball-milling, (a) and after ball-milling, (b).

138

Fig. 6.3 Intensities of elements in grounded graphite powder analyzed with EDX.

In current work, a specially designated copper rod with hole inside of the rod
where graphite powder or graphite powder with copper balls was placed was used as
shown in Fig. 6.4. The volume of the hole was 294.4 mm3. To remove unnecessary
substances such as grease, laboratory dust and so on, the copper holder was washed in
an ultrasonic cleaner filled with acetone. The copper holder weight was approximately
12.9  0.1 g and the weight of graphite filled inside copper hole was approximately 0.25
 0.01 g.
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Fig. 6.4 Schematic of designated copper holder.
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Fig. 6.5 Time dependencies of temperature for sample B and sample C
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2) Apparatus
High frequency induction furnace was used to heat the sample, as shown in Fig.
6.6. The two color thermometer (CHINO series IR-FL2AH04) which equipped with a
laser pointing system was used for measurement of the graphite crucible temperature.
The temperature at the laser pointed place could be measured with this thermometer.
When the temperature of the surface of the molten metal in crucible was measured, it
was differed with the measuring spot due to the emissivity of copper and graphite. Then,
the temperature of the graphite crucible was measured, because the graphite could be
estimated to be black body.

Fig. 6.6 High frequency induction furnace
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6.2.2 Experiment and analysis
1) Experiment
Argon gas with a flow rate of 2.0  10-5m3s-1(293 K, 101.3 kPa (NTP)) was
introduced into the furnace to displace the air and prevent oxidation during experiment.
The specimens were melted on the conditions as listed in Table 6.2. For sample C, after
the graphite crucible temperature reached 2073 K, copper rod filled with graphite
powder was put using copper wire from above of quartz tube.
After the sample was held at 2073 K for 2 hour, the sample was cooled in the
furnace to room temperature. After that, the specimen was taken from the magnesia
crucible. The copper composite could not to be taken out from magnesia crucible easily.
The lower part of the specimen adhered to the with magnesia crucible. Then, the
magnesia crucible was crushed to take out the specimen. The specimen was carefully
cleaned with emery paper to eliminate magnesia attached with the copper composite.
Then the sample was cleaned using ultrasonic cleaner.

2) Experimental condition for preparation of composite
Graphite dispersed copper composite had been prepared on 6 different conditions
in attempt to increase carbon content in the composite. The preparation conditions were
listed in Table 6.2. The samples were named A, B, C, D, E and F prepared on each
condition.
Samples A and B were heated at 1673 K and 2073 K respectively. The ground
graphite powder was used in sample A and B. For sample C, it had the same experiment
condition with B except temperature at the addition of graphite powder. The addition for
sample C was done by inserting with graphite powder enveloped with copper film into
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the molten copper when the temperature of the furnace reached 2073 K. Fig. 6.4 showed
the changes in the temperature for samples B and C with time and the addition time of
the graphite

Table 6.2 condition of preparation of graphite dispersed copper composite.
Parameters
Sample
Temperature, T / K

Alloying element

Graphite type

A

1673

No

Ground

B

2073

No

Ground

C

2073

No

Ground
(Addition at 2073 K)

D

2073

No

Milled with copper

E

2073

Nickel 5 mass%

Ground

F

2073

Iron 5 mass%

Ground

Mixture of copper balls and ball-milled graphite powder instead of grinded
graphite powder was used for preparation of the sample D. Copper balls which were
used to mill graphite and ball-milled graphite were put together in the copper holder.
Samples E and F were prepared with addition of nickel or iron in attempt to increase
carbon solubility. The sample E contained 5 mass% of nickel in itself, while sample F
contained 5 mass% of iron in itself. All specimens were heated for 2 hours at
temperature of 2073 K.
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3) EDX and observation of surface and cross-section
The sample was cut along the center axes of the samples for observation of the
cross section. The sample was put in liquid resin and was held for a day to harden the
resin. The sample was polished by the emery paper, abrasive of alumina and colloidal
silica in this order, and was observed by a laser microscope (Keyence VK8500) and a
scanning electron microscope (SEM, JEOL JSM-6300) equipped with an EDS. For
SEM observation, the samples were coated with platinum of around 20 nm in thickness.
It was important to coat the sample with platinum, otherwise the sample will be charged
up.
4) Vickers hardness
Micro hardness tester (Shimadzu HMV Micro Hardness Tester) was used to
investigate the Vickers hardness of the alloy. Vickers hardness of the alloy was
measured on the condition of the test force of 980 mN and holding time of 10 s. The
hardness was measured for the lower, middle and upper part of the specimen. The
hardness was measured for 7 different positions of each part. The highest and lowest
measured hardness were eliminated, and the average of the remaining 5 points was used
as actual hardness. The scattering of the measured hardness was  50 MPa. The
hardness of the copper composite after annealed was also investigated. All the
specimens were annealed at 923 K for 1 hour..

6.3. Result and discussion
6.3.1 Microstructure and EDX
1) Chemical composition
Table 6.3 showed the carbon content and alloy content in each sample analyzed
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using the EDX. The carbon content was the value for the surface of the cross-section of
the samples. The quantity of graphite adhered to the copper plate was evaluated with
this carbon content. The carbon contents at seven different places were measured with
an area analysis of the EDX. The measured area size was approximately 0.02 mm2. The
carbon content was evaluated with the mean of seven measured values.

Table 6.3 Carbon content and alloy content in each sample analyzed using EDX
Nickel or iron content,
Carbon content, Cc / mass%
Sample

CNi or CFe / mass%
Upper

Middle

Lower

Upper

Middle

Lower

A

0.35

0.03

0.00

-

-

-

B

2.64

1.14

1.24

-

-

-

C

2.56

1.80

1.74

-

-

-

D

2.70

1.91

2.00

-

-

-

E

4.16

3.26

2.39

5.30

5.05

4.72

F

4.02

3.34

2.61

2.61

2.49

3.68

2) Effect of melting temperature
Figs. 6.7 (a), (b) and (c) showed morphologies of graphite particles at the cross
sections of samples A, B and C respectively. In sample A which was melted at 1673 K,
graphite particle was hardly observed in comparison with samples B which were melted
at 2073 K. The temperature dependency of carbon content roughly agreed with previous
that the solubility of carbon increased with the temperature of approximately 2073 K
[15].
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3) Influence of addition way of graphite
From Fig. 6.7 (b) and (c), the graphite precipitated near upper surface for sample
B and C. The EDX results analyzed in Table 6.2 showed that the carbon content in
sample B and sample C were 2.64 mass% and 2.56 mass% respectively. This showed
that the solubility of carbon is not influenced by addition way of graphite. However, it
was found that graphite particles distributed at center area of the cross-section as shown
in Fig. 6.8. In contrast to the other samples, it was only sample C that graphite
precipitations could been found at center area.

Fig 6.7 Cross sections of sample A (a), sample B (b) and sample C (c)
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Fig. 6.8 Graphite particles distributed at middle area of sample C.

4) Influence of ball-milled graphite particle
Figs. 6.9 (a) and (b) showed the cross-section of sample D and sample B
respectively. Both samples were prepared with the same procedure except for the
preparation condition of graphite. Graphite particles were ball-milled with copper ball in
sample D, while it was just ground to smaller particle size in sample B. The number of
graphite precipitated near the surface in Fig. 6.9 (a) was higher than in Fig. 6.9 (b). In
Fig. 6.9 (c) and Fig. 6.9 (d), the graphite precipitation in sample D was agglomerated
and had various shapes. The microstructure of the graphite precipitation in sample D
was different from the one in sample B. An EDX analysis on these spots showed a high
contain of graphite precipitation. In spot 1 and 2 the carbon content were 36.9 mass%
and 56.8 mass % while in spot 3 it was none. In sample B, the carbon content of the
graphite precipitation was approximately 2.47 mass %.
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Fig. 6.9 (a) showed cross sections of sample B, and (b) showed cross section of sample
D. (c) and (d) showed enlarged image of sample D.

5) Effect of nickel
In sample E, nickel was added so that the content of nickel was 5 mass%. Figs.
6.10 (a), (b) and (c) showed the cross section of the sample E. In sample E, graphite
precipitated could be classified in 2 shapes. In Fig. 6.10 (a), darker black spots had
higher carbon content with average of 64.4 mass%, while the carbon content in the
lighter black spot was only 2.92 mass% in average. The nickel content in darker spot
was lower than lighter spot. The lighter spot was similar with the one in sample B. The
graphite precipitates could be in agglomerated and various in shapes. It was found in
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sample E that the darker black spots diameter sizes were from 5 μm to 10 μm. These
were similar to the diameter size of the graphite particles used in the experiment.
However, the shapes of the graphite particles were roundish. In contrast, the shapes of
graphite particles used in this work before melting were flat and angular as shown in Fig.
6.1. It was possible that these black spots could be graphite precipitation. Fig. 6.10 (c)
showed the distribution of graphite precipitates inside the copper composite. Almost all
the precipitations existed at the upper part of the composite.

Fig. 6.10 Cross sections of sample F. Figs. (c) and (d) were enlarged pictures of graphite
particles in Figs. (a) and (b).
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6) Effect of iron
Fig. 6.11 (a) showed the cross section of copper-iron 5 mass% at temperature
2073 K. The morphology of graphite precipitated in this specimen was different from
that in copper-nickel 5 mass%. Areas surrounding the graphite precipitations were
darker than other area. EDX analysis showed that iron content in this phase was high.
Fig. 6.11 (b) showed macroscopic view of the cross section of sample F. Graphite
precipitation in sample F only occurred inside high iron content phases. In some cases,
graphite particles adhered to the surface of alloy.
Fig. 6.12 showed the mapping of iron element in the middle area of copper. The
distribution of the iron was not uniform. The average iron content in area without high
iron phase was 2.49 mass% for the upper. Meanwhile the average iron content in the
center area of the composite was 2.61 mass% and 3.68 mass% at lower area. The iron
content was lower than added iron content which was 5 mass%.
Graphite

Fig. 6.11 Cross sections of sample F. Figure (b) was magnified image of iron rich
region.
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Fig.6.12 Segregation of iron content in copper composite. (a) was the SEM image, (b)
the mapping distribution of iron and (c) the distribution of carbon

Fig. 6.13 showed the center area of copper composite prepared in sample F. There
was no graphite precipitate in this area. This showed that during melting, graphite
particles scattered to the surface. Then it was difficult for graphite particles to enter the
molten alloy due to the buoyance. Therefore, it was difficult to observe graphite
precipitates in area far from the surface.
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Fig. 6.13 Center area of sample F.

6.3.2 Mechanism of melting process at 2073 K
1) Motion of graphite particles during melting
Generally, a graphite is a lightweight material with density of 2.2 g/cm-3 [18]
comparing with copper which is 8.96 g/cm-3 [19]. During melting process, graphite
particle moved to copper surface. This was true because all copper composite prepared
by each sample showed that graphite particles were found near surface except sample C.
In addition, remaining graphite particles appeared on top of the solidified copper
composite after the experiment. Fig. 6.14 showed the schematic how the copper holder
deformed due to melting.
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Fig. 6.14 Schematic of copper composite condition before melted and after melted.

During melting process, the motion of the graphite particle in molten copper
could be related to Stokes’ law as:

𝐹𝑑 = 6𝜋ηrv

(6-1)

Where 𝐹𝑑 was drag force, η was viscosity, r was radius of the particle and v was the
terminal velocity. Because of the graphite density is lower than copper, it would rise
during melting. The buoyancy force and gravitational force could express as:

𝐹𝑏 = 𝜌𝐶𝑢 (4𝜋𝑟 3 /3)𝑔

(6-2)

𝐹𝑔 = 𝜌𝑔 (4𝜋𝑟 3 /3)𝑔

(6-3)
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Where 𝜌𝐶𝑢 and 𝜌𝑔 were the density of the molten copper and graphite particles
respectively, and g was gravitational acceleration. Because the graphite rose in molten
alloy, the forces could be explained as:

𝐹𝑏 = 𝐹𝑔 + 𝐹𝑑

(6-4)

From the Eq. (6-4), the velocity of the particles was obtained by using Eq. (6-5).

𝑣=

(𝜌𝐶𝑢 − 𝜌𝑔 )(4𝜋𝑟 3 ⁄3)𝑔
6𝜋𝜂𝑟

(6-5)

Viscosity of the molten copper decreased with an increase of temperature [20]. The
rising of graphite particles were estimated to start from the copper melting. The velocity
of the graphite particles inside molten copper was 0.034 mm/s, assuming that the
particles diameter was 5 μm
Fig. 6.15 showed the explanation of the motion of graphite particles during
melting. Firstly when copper melted, graphite scattered to surface. In sample B, the time
for all graphite particles to rise to the surface was estimated to be 441 s. If all graphite
particles were floated after 441 s, the temperature of the molten copper was just
approximately 1400 K during that time. This temperature was so lower than temperature
2073 K where the solubility increased. After reaching the temperature of 2073 K and
held it for 2 hours, the graphite particles dissolved into molten copper. After certain time,
the carbon content at the area near the surface reached a saturated phase. As a result,
graphite precipitated at the near surface from the melt. This explained why there were
no graphite particles at the middle and lower part.
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Fig. 6.15 Explanation of motion of graphite particles during melting

2) Mechanism in sample E
In previous Chapter 2, the distribution of graphite precipitates was not uniform
but distributed throughout the copper-nickel alloy. However, in sample E, the graphite
precipitates could only be observed near surface. Graphite particles were used in this
work. In contrast, graphite crucible was used in Chapter 2. In Chapter 2, molten copper
surface touched with graphite crucible at every surface. In contrast, in sample E,
graphite particles rose to the upper surface, and as a resulted only touched to molten
copper at only the upper surface. At temperature of 2073 K, when the Cu-Ni alloy at
near surface saturated with carbon, the dissolved carbon just diffused from the surface
to the inside of the molten copper. It was difficult for graphite to precipitate at the inside
of it. The segregation of nickel inside copper was hardly observed because at Cu-Ni
alloy was an all proportional solid solution.

3) Mechanism in sample F
In sample F, graphite only precipitated inside high iron content phases. Generally,
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carbon solubility in iron is so higher than that in copper. Fig. 6.16 showed that graphite
precipitated inside phase with high iron content. It was also found that graphite particles
agglomerated on the surface of the phase with high iron content. This was resulted from
that the graphite particles could wet with iron rich phase. In sample E, the liquid phase
was not homogeneous and can be classified as two phases. One was liquid phase with
high copper content, and the other was liquid phase with high iron content. Usually,
liquid phases with high iron content were darker grey in SEM image as shown in Fig.
6.16.

Fig. 6.16 Elemental contents around area with high iron content.
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Fig. 6.17 Ternary phase diagram of C-Cu-Fe [17] with plotted spots from Fig. 6.15.
Label of A, B, C, D and E were the same as those shown in Fig. 6.15.

Elements content in Fig. 6.16 which represented as spots A, B, C, D and E were
plotted in the ternary phase diagram of C-Cu-Fe at liquidus as shown in Fig. 6.17. As
described later, the number was the hardness of the phases was in the figure. For spot A
and spot B, which were graphite precipitates, they were near to carbon phase in the
ternary phase diagram. According to the ternary phase diagram, two liquid phases can
be achieved if the carbon content is less than 17.2 mass%. This could be related to two
phases in spot C and spot D. Spot C was phase with high in copper content and near to
high iron phase, while spot D was phase with high iron content. Lastly, spot E represent
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phase with lower iron content and was the main phase in sample F. Because the graphite
had good solubility and wettability to iron, graphite particles adhered on top surface of
the liquid phase with high iron content.

6.3.3 Vickers hardness
1. Before and after annealed
The Vickers hardness was measured for all samples. Fig. 6.18 showed us the
Vickers hardness for each parameter before and after annealed at 923 K for 1 hour.
Here, the hardness was mean value for the upper, the middle and the lower part of the
sample. Generally, the hardness of copper composite in all samples reduced after
annealed. The Vickers hardness of the composite after annealing was smaller than
before annealing because of the relaxation of solid-solution strengthening of carbon.
Hardness of copper composite prepared in sample A, B, and D which contained copper
and graphite were slightly higher than the hardness of pure copper. However copper
composite prepared in sample C was slightly higher than sample A, B and D. This might
be resulted from the precipitation of the graphite not only near the surface area but also
in other area. This showed that these samples were hardened by the precipitation
hardening of graphite.
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Fig. 6.18 Vickers hardness of copper composite before annealed
.
2. Vickers hardness of sample B, sample C and sample D
The Vickers hardness in sample B, C and D were compared with previous works
prepared using a spot welder and a laser irradiation. Fig. 6.19 showed that the Vickers
hardness of copper composite of sample B, C and D were nearly to equal the hardness
of copper spot welded with electrical current flow and also prepared with laser
irradiation for 12 s. This also suggested that during preparation using laser and spot
welding with electrical current, the surface was melted.
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Fig. 6.19 Relation between hardness in sample B and C with previous chapter.

3. Vickers hardness of sample E
Sample E was hardened by precipitation hardening of the graphite particles and
solution hardening of nickel. However the hardness in sample E was higher than
previous results in Chapter 2 as shown in Fig. 6.18 and Fig. 6.20. Insufficient of
annealing might affect the Vickers hardness. The sample in Chapter 2 was smaller than
sample E. As a results, sample E was not annealed in comparison with the sample in
Chapter 2. In addition the annealing temperature in chapter 2 (973 K) was higher than
that for sample E (923 K).
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Fig. 6.20 Relation between hardness of sample E and temperature.

4. Vickers hardness in sample F
In sample F, the hardening of the composite was influenced by the solid-solution
hardening of iron phases. The hardness at area with high iron content filled with and
without graphite precipitations were also measured. In the previous ternary phase
diagram Fig. 6.17, it showed the Vickers hardness of each phase in Fig. 6.16. Generally,
phases near to carbon phase have higher Vickers hardness than the other phases. Fig.
6.21 showed where the measured area was. In this area, the hardness was extremely
higher than area with high copper content. The average hardness measured was 2786
MPa, which was approximately 2000 MPa higher than the average hardness. The region
with high iron content not only limited at near surface but middle and lower area.
Another thing that influenced the hardness was the precipitation hardening of graphite
and solid-solution hardening of iron. Overall, the hardness of sample F was influenced
by the high iron content phase throughout the composite and the solid-solution
hardening by solid-soluted carbon and iron.
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(

(

Fig. 6.21 Microscopic image of region with high iron content. (a) was the region before
hardness measurement and (b) was after the measurement.

6.4 Conclusions.
Bulks of graphite dispersed copper composite were prepared on the six different
conditions to investigate the influence of the condition on the morphologies of graphite
and the Vickers hardness. The results obtained were summarized as follows:
1) Graphite particles in the prepared composite were mainly formed by the precipitation
from the melt under solidification, because the particles in the composite were different
in shape and size from the initial graphite particles. Therefore, temperature of 2073 K
and addition of the graphite particles at this temperature were desirable to prepare the
composite because of prevention of the scattering of the particles under heating.
Because the addition of nickel or iron in the copper increased solubility, the addition of
them was advantageous to production of the composite. However, the composite
prepared with the addition of iron consisted of graphite, copper rich phase and iron rich
phase.
2) The Vickers hardness of as-casted composite were higher than that of annealed
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composite due to the solid-solution hardening. The Vickers hardness of graphite
dispersed nickel- or iron-copper composite was higher than that of graphite dispersed
copper composite because of the solid-solution hardening of each alloying element.

It was tried that the graphite dispersed copper alloy composite prepared with
addition of graphite particles. The carbon content in the prepared composite was up to
approximately 5 mass%. This composite did not satisfied lower level of the carbon
content of usual composite which demanded carbon content from approximately 20
mass% to 85 mass%.
This study could not clear whichever quantity of graphite in the composite was
higher than that of carbon solubility or not. A further study was necessary to understand
quantitatively the relation between additive amount of graphite particles and amount of
precipitated graphite particles and so on.
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CHAPTER 7

RESEARCH SUMMARY

Several experiments have been carried out to in order to prepare graphite
dispersed copper composite. In Chapter 2, Cu-Ni alloy which included nickel content up
to approximately 5 mass% was melted in the graphite crucible to prepare graphite
dispersed Cu-Ni alloy. Solubility of carbon in the molten Cu-Ni alloy and Vickers
hardness were measured in this study. The solubility of carbon in the molten Cu-Ni
alloy increased with the temperature rise and with the nickel content. The relation
between solubility of carbon in molten Cu-Ni alloy and temperature, T (1673 K ~ 2143
K) could be given by Eqs. (2-1) ~ (2-3). It was cleared that the interaction
parameter, 𝜔CNi, for Cu-Ni-Csat (saturated carbon) was -17.1. Graphite particles were
precipitated from the molten Cu-Ni-Csat. Vickers hardness of Cu-Ni-Csat system
increased with carbon content and nickel content. The heat treated Cu-Ni-Csat alloy was
hardened by precipitation hardening of the graphite particles and solution hardening of
nickel.
In Chapter 3, solubility of nitrogen gas into a molten copper was measured at the
temperature range of 1993 K to 2443 K using a levitation-melting apparatus. The
dissolution of nitrogen gas into molten copper obeyed the Sieverts’ law, which meant
that absorption of nitrogen gas into molten copper was expressed as:

1
N (gas) = N
2 2

(7-1)

Solubility of nitrogen gas into a molten copper of which oxygen content was 60
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massppm to 120 massppm was expressed as:

ln[mass%N] = −

7406
− 5.863 (T: 1993 K ~ 2443 K)
𝑇

(7-2)

The standard reaction Gibbs energy was expressed as:

∆r 𝐺 0 = 61573 + 48.75𝑇 [J/(molk)]

(7-3)

In Chapter 4, the copper plates which contained graphite particles between them
were spot-welded to prepare the graphite dispersed copper composite on a copper plate.
Several conclusions had been made. The composite which was prepared only by the
compression of graphite particles without an electric current flow was produced by
plunging the relatively small graphite particles. The carbon content in the composite
increased with the repetition number of the compression and the compressive load.
When an electric current was energized through the sample at the compression, the
copper around the graphite particle melted locally. The graphite particles partially or
wholly dissolved into the copper melt. Undissolved graphite particles adhered to the
copper by the melting. The graphite particles were precipitated from the molten copper
under cooling. The carbon content in the composite became higher than that prepared
without an electric current flow. The Vickers hardness of the copper matrix in the
composite and the volume fraction of graphite were expressed by the rule of mixtures
given by eq. (4-3) and eq. (4-4).
In Chapter 5, it was tried in this study that graphite dispersed copper composite
was prepared locally on the surface of the copper plate with the CO2 laser. Then, after
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graphite particles were plunged into a copper plate by rolling, the laser was irradiated on
the plate. A laser could heat a substance and catch a particle. When the laser was
irradiated on the graphite particles for a short time, the graphite particles which were
pushed deeply into the plate adhered on the surface of the plate, whereas the graphite
particles which were pushed shallowly were eliminated by the laser trapping. When the
laser was irradiated for a longer time, the copper surrounding of the remained graphite
particles was melted. Most graphite particles were eliminated from the surface by the
laser trapping. The graphite particles at out of the laser spot were easy to remain on the
copper plate because the laser trapping did not act there in comparison with the spot.
The area out of the laser spot was heated by the heat conduction from the laser spot and
melted. The particles was fixed by the wetting. The graphite dispersed copper composite
could be prepared if the laser was irradiated near the place where we want to form the
composite However, the graphite particles were half-afloat from the copper plate. Lastly,
Vickers hardness decreased with an increase in the laser irradiation time due to the
annealing. The hardness at the outside of the laser spot where the graphite particles
more remained was larger by approximately 100 MPa than that at the center.
In Chapter 6, I had studied about preparation of graphite dispersed copper
composite with addition of graphite particles into molten copper. Copper composite had
been prepared on six different conditions. The microstructure, elemental analysis and
hardness of the composite were investigated. Graphite particles in the prepared
composite were mainly formed by the precipitation from the melt under solidification,
because the particles in the composite were different in shape and size from the initial
graphite particles. Therefore, temperature of 2073 K and addition of the graphite
particles at this temperature were desirable to prepare the composite because of
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prevention of the scattering of the particles under heating. Because the addition of
nickel or iron in the copper increased solubility, the addition of them was advantageous
to production of the composite. However, the composite prepared with the addition of
iron consisted of graphite, copper rich phase and iron rich phase. The Vickers hardness
of as-casted composite were higher than that of annealed composite due to the
solid-solution hardening. The Vickers hardness of graphite dispersed nickel- or
iron-copper composite was higher than that of graphite dispersed copper composite
because of the solid-solution hardening of each alloying element. This study could not
clear whichever quantity of graphite in the composite was higher than that of carbon
solubility or not. A further study was necessary to understand quantitatively the relation
between additive amount of graphite particles and amount of precipitated graphite
particles and so on.
In this study, the processes for preparation of the graphite dispersed copper alloy
composite has been developed and discussed physico-chemically. Conventionally,
carbon content in the composite was 20 mass% to 85 mass%. The maximum carbon
content in the graphite dispersed copper composite prepared with the spot welding
method was approximately 50 mass%. Therefore, the spot welding method produced a
graphite dispersed copper composite which satisfied this carbon content range. Because
the maximum carbon content in the composite prepared with the laser was
approximately 20 mass%, this method can produced a graphite dispersed copper
composite somehow. These two methods prepare the composite only on the surface of a
copper plate.
This study provides the following guidance for the preparation of the composite.
(1) Presently, we must add more nickel into copper and raise the temperature of the
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molten copper alloy higher to prepare the composite with the dissolution – solidification
method with addition of nickel. However, the excessive addition of nickel may lost
copper characteristics. In addition, higher temperature will bring much loss of metal by
evaporation of it. Therefore, we must search for a new alloy element which increases
the solubility of graphite in molten copper alloy for the preparation of the composite
with the dissolution – solidification method.
(2) The spot welding is a suitable method to prepare the graphite the graphite dispersed
copper composite only on a copper surface. It will be the key in this method to prepare
the composite at a larger area. In the process with using the laser, it is important to
prevent the elimination of graphite particles by the laser trapping. By putting thin
boards on powder, it is necessary to attach a particle by the heat conduction from it. The
surface will be smooth by rolling for example because the particles will half-floating on
a copper plate.
(3) The method of addition of graphite particles has possibility of preparation of bulk of
a graphite dispersed copper alloy composite. It is the key to this method to prevent
scattering of the particles under heating and at the time of the addition. A vacuum
melting will be useful for the preparation of the composite.

171

ACKNOWLEDGEMENT

This thesis is the outcome of my research from October 2014 until September
2017 at Toyohashi University of Technology, Aichi, Japan. The completion of this thesis
not solely depended on the devotion of my time to research, but also on a lot of
assistances and supports from a lot of peoples to whom I would like to express my
unlimited thankful acknowledgement.
First of all, I would like to give my infinite gratefulness and appreciation to my
respected supervisor, Assoc. Prof. Dr. Seiji Yokoyama for his patience, ideas,
discussions, supports, advices, comments, heart-kind and many other things in many
ways. I also want to thank my Thin Film Laboratory advisor, Prof. Dr. Masanobu Izaki
for recommended me to do research in Dr. Yokoyama group, giving varieties of
comments and suggestions. I also like to thank Prof. Dr. Masahiro Fukumoto and Assoc.
Prof. Dr. Masakazu Kobayashi for giving varieties of comments and suggestions that
helped me a lot to improve my work. I also want to thank to Dr. Junji Sasano, for his
comments and ideas especially during the discussion in laboratory’s seminars and when
using laboratories facilities. Then, I would like to thank Prof. Dr. Yoshikazu Todaka for
giving me permission to conduct several experiments in his laboratory.
Next to all Thin Film Laboratory members, I would like to thank them for their
support, comment and advices during my 3 and half years at this laboratory. This is
especially to Mr. Yusuke Inoue, Mr. Shahrul Shazwan and Mr. Yoshikazu Ishikawa,
which whom I mostly worked with. I also like to thank members of Material Function
Control Laboratory for their cooperation during conducting several experiments at their
laboratory
172

My study in Toyohashi University of Technology was supported by NGK
Foundation, in which I received scholarship for 1 and a half years. I like to thank to all
staff in the foundation especially to Mrs. Yaeko Tasaki, who always takes care and
advice the scholarships students. I also like to thanks to all my friends in this
foundations. Beside the busy of the study life, we had all joyful stories we shared
together during monthly meeting at Nagoya.
To all my fellow Malaysian in Toyohashi, I would like to thank to you all. It was a
long journey since I came in Toyohashi in 2010. Without all of you, I could not get to
what I am doing now. Thank you for those encouragements, advices, ideas, activities,
football and many more.
Last but not least, I would like to give my uncountable thanks for my beloved
wife, Siti Hajar binti Muhammad Anuar for her unlimited support, caring and love all
the time. I also want to thank to my parents, Prof. Dr. Mohd Noor bin Ahmad and
Norizan binti Mamat, my sibling, Nor Zainira, Nor Baizura, Aishah, Anas and Nur
Syakirah for their unlimited support, and of course to my relatives and friends in
Malaysia and Japan.

173

RESEARCH ACHIEVEMENTS

List of Journals:
[1] Abdul Muizz bin Mohd Noor and Seiji Yokoyama: “Solubility of Carbon in
Molten Copper-Nickel Alloy and Vickers Hardness of Copper-Nickel-Saturated
Carbon”, Materials Transactions, vol. 58 no.1 (2017) pp.11-15
[2] Abdul Muizz Mohd Noor, Nik Hisyamudin Muhd Nor and Seiji Yokoyama:
“Solubility of Nitrogen Gas into Molten Copper at Temperature Range of 1,993 K
to 2,443 K”, High Temperature Materials Processes, (2017) Published Online DOI:
https://doi.org/10.1515/htmp-2016-0174
[3] Abdul Muizz Mohd Noor, Yoshikazu Ishikawa and Seiji Yokoyama: “Preparation
of Graphite Dispersed Copper Composite on Copper Plate with Spot Welding”,
Materials Transactions, vol. 58 No. 8 (2017) pp. 1138-1144

List of Proceedings of International Conferences:
[1] Abdul Muizz Mohd Noor, Yoshikazu Ishikawa and Seiji Yokoyama:

“Preparation

of Graphite dispersed Copper Composite with Intruding Graphite Particles in
Copper Plate”, AIP Conference Proceedings, vol. 1807 (1) (2017) DOI:
http://dx.doi.org/10.1063/1.4974798

174

