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Chapter 1 Introduction
1.1 Introduction

A commercial 99.95% pure copper wire has been extensively used for building
wirings and electrical application because of their excellent electrical conductivity.!
However, the solidification structure of a “melted mark” on copper wire caused by short-
circuiting in a fire accident is still inadequate to explain fire behaviors and determine the
cause of the fire accident. The vital evidence used to determine the source of fire for the fire
investigator is the melted mark on the copper wire because it is not destroyed and left after
the fire. However, various melted marks are sometimes discovered in the fire: fire melted
mark (FMM) and electrical melted mark (EMM).> The FMM is a mark resulting from heat
damage by flames along a conductor wire. The EMM can be further classified into primary
melted mark (PMM) and secondary melted mark (SMM). The distinguishing between
primary melted mark (PMM) and secondary melted mark (SMM) can be difficult. The
electrical melted mark from the first short-circuiting that caused the fire generated before the
fire 1s referred to as PMM. It should be exposed to a longer period of fire and a higher fire
temperature than other melted marks. SMM is the electrical melted mark by the second short-
circuiting caused by the burning of PVC insulating after a fire.*>

According to Lee et al.5, PMM was produced in an atmosphere at or near room
temperature and rapidly cooled, whereas SMM was produced in a high fire temperature. As
a result, the cooling rate of PMM should be much higher than that of SMM. Then, they
proposed that measuring the oxygen concentration and dendrite arm spacing of melted marks

on copper wire can distinguish between PMM and SMM. Liu et al.” studied the solidification



structure of melted mark on copper simulated by short-circuiting in the atmosphere. They
presented that the Cu-dendrites and (Cu+Cu20) eutectic structure beneath the cuprous oxide
(Cu20) surface layer are the typical microstructure of PMM.

Not only the microstructure of the melted mark on the copper wire but also the oxide
layer plays a role in the fire investigation. Generally, copper has two major types of oxide:
cuprous oxide (Cu20, cuprite) and cupric oxide (CuO, tenorite). When copper is oxidized in
oxygen or air at high temperatures, multiphase scales such as Cu2O and CuO form.*’ In
particular, the oxide on the melted mark’s surface of copper wire from short-circuiting
formed in the fire ambient during fire accidents is important to describe the fire behaviors.
This scientific explanation provides significant evidence that substantially impacts the

reliability of fire judgments.

1.2 Copper properties

Copper (Cu) has a face-centered cubic (FCC) crystal structure (Fig. 1.1), which
results in high ductility, toughness, and formability. The density of copper is 8.96 (g/cm?. It
has a high room temperature electrical conductivity of 0.5800 x 10 ° (Q cm)'. Copper
conductivity decreases as temperature rises due to cold work and alloy content. The thermal
conductivity of copper is 398 (W/mK). Copper has good corrosion resistance. This is because
there is a surface reaction between copper and the oxygen in the air which results in the

formation of a thin protective oxide layer.



Fig. 1.1 FCC lattice of copper '°

Crystallographic of copper

As mentioned, the crystal structure of copper is FCC. Fig. 1.2 depicts four main directions in
the FCC unit cell: along the cube edge <100>, the face diagonal <110>, the cube diagonal
<111>, and the corner to the face center <112>. The atomic packing density differs in each
direction and many physical properties change corresponding to these directions.

However, wire drawing deformation produces a texture or preferred grain orientations. The
properties of wire vary with direction and because the textures vary in direction or a non-
random manner. Therefore, properties in the axial direction (along the length of the wire) are

different.'!



Fig. 1.2 Four important directions in the FCC unit cell !

A significant crystalline growth occurs when the liquid-solid interface moves ahead
of the interface into a supercooled liquid that has a lower temperature. The crystallographic
growth direction of these cells is called the dendritic growth direction. The growth direction
of dendrites depends on the crystal structure of the material. For copper that has FCC crystal

structure, the dendrite growth is in <100> direction.'?

Classification of copper

Copper and its alloys can be classified into three types.!?

1. Oxygen-free copper: Oxygen-free copper is typically produced at high purity levels
through electrolytic refining. Because it contains almost no oxygen, certified oxygen-free
copper has a minimum copper content of 99.99 wt%. So pure copper is a superb electrical

conductor.



2. Phosphorous deoxidized copper: The oxygen level in phosphorous deoxidized
copper has been significantly reduced by addition of phosphorous. Deoxidized copper alloys
are suitable for welding all coppers because they do not result from hydrogen sickness.
Hydrogen sickness takes place when the copper oxide is exposed to reducing hydrogen gas
at high temperatures.

3. Electrolytic tough pitch (ETP) copper: ETP copper contains an oxygen of
approximately 0.03 - 0.04 wt%. Higher oxygen content may cause defects like cracks, laps,
seams. ETP copper grades has an alloy number C11000 which are extensively used in almost
applications which require high conductivity such as electrical power transmission,
electronic appliances and building wire.>* Because the copper wire used in this work is in
this type, so following contexts are related to ETP copper.'?

Oxygen in ETP copper is presented in form of Cu20. When copper is heated, such as

during welding, oxygen is released in the following order:

Cu0 — CuO +2Cu (1.1)
2Cu0 — 2Cu + O; (1.2)
0, — (0) + (0) (1.3)

The rapid solidification that occurs after welding entraps the oxygen in the metal,
resulting in porosity. Furthermore, the oxygen reacts with hydrogen in the furnace

atmosphere, forming steam, which causes micropores. '+



1.3 Copper wire manufacturing process

Wire manufactured from copper and its alloys has been in use since approximately
3000-2000 BC. It is widely used in electronic appliances and wiring buildings. Copper is a
metal used mainly for the formation of copper wire. It needs to take many following steps to
produce copper wire.!!?
1. Wire drawing

The initial stage of the manufacturing process is to gradually reduce the diameter of
the copper wire until it reaches its final diameter. Usually, a continuous cast copper rod of 8
mm diameter is used in this process. The copper rod is reduced to 2 mm by using several
dyes. Then, this 2 mm wire is drawn further to minimize the diameter of the wire to the size
required for each kind of conductor. After copper wire drawing, the wire turns to extremely
thin and malleable.! 7
2. Annealing

Following the wire drawing process, all wires are subjected to a heat treatment known
as "annealing" to increase the conductivity and ductility of the copper and remove internal
stresses. The drawn wire is placed in an Electric Furnace in a pot. The temperature of the
furnace is set to up to 1000 °F. This process is a highly precise and controlled procedure.
Water is used in the annealing process to ensure that no oxidation occurs. This procedure is
carried out in order to soften the copper wire.!>!”
3. Stranding

Many wires are available as solid or stranded wires. For the stranded wire, after the

wires are annealed, copper wires are stranded together by wire-stranding machines to create



conductors with a wide range of stranded wire sizes. Then, to achieve a smoother surface,
these are subjected to a nozzling process.'>!”
4. Insulation

The insulation process is the final step in the production of copper wire. It entails
covering the conductor with an insulating cover to prevent current leakage. The insulating
material is added through an extrusion process at high temperatures. There are several
insulating materials that can be used: Polyvinyl chloride (PVC), Ethylene propylene rubber
(EPR), Cross linked polyethylene (XLPE), etc. The maximum voltage of the wire depends
on its thickness and insulating capacity.'®

Because wire drawing causes metal wires to harden and lose mechanical and
electrical properties. These degradations are the result of microstructural defects caused by
the plastic deformation. When the strain degree of wire-drawing becomes significant, the

microstructure will exhibit morphological texture. The grains are elongated and needle-

shaped, running parallel to the direction of wire-drawing.'8

1.4 Short circuit

A short circuit occurs when an energized conductor (Line) in the circuit makes contact
with a grounded conductor (Neutral) or a metal material that is grounded with almost zero
resistance, the two conductor wires will be melted by the high energy of short-circuiting at
the point of contact. Some defects in PVC insulation may cause this event, such as failure to
protect wire insulation appropriately or burning by fire. The high current flow generates heat,

which has the potential to melt the conductor wires, as shown in Fig. 1.3. The mark on the



conductor from melting by electrical current is called an “electrical melted mark” (EMM)."°
The electrical melted mark can mainly divide into two types; primary melted mark (PMM)
and secondary melted mark (SMM).2® PMM is a melted mark created from the first short
circuit that caused the fire. SMM is a melted mark from a second or another short circuit that
happens on conductor wire after PMM due to PVC insulation has been damaged by the

3,6,21

flame™ ™', as depicted in Fig. 1.4.

| Short|circuit Conductor wire
|

+ —> Line +
110V, | i
¢ «—— Neutral
_ | t Load side
Power side PVC insulation

Fig. 1.3 Schematic diagram of short circuit

Melted mark

Electrical melted mark Fire melted mark
(EMM) (FMM)

Primary melted mark (PMM)|

econdary melted mark (SMM)

Fig. 1.4 Schematic diagram of melted mark types



In addition to the electrical melted mark, there is also the “fire melted mark” (FMM).
FMM is thermal damage along a conductor wire resulting from a fire. It has more widespread

damage with no distinction between the non-melting/melting interface.'

1.5 Cu-O phase diagram

Understanding phase diagrams for copper-oxygen systems is extremely
substantial because the phase diagram characteristics have a strong relationship with the
microstructure. Furthermore, the phase diagram contains important information about
crystallization, melting, and other phenomena. For an equilibrium binary system of known
composition and temperature, there are at least three types of information available: (1) the
phases present, (2) their compositions, and (3) the percentages or proportions of the phases.??
The copper-oxygen system is a simple eutectic system. In Fig. 1.5, the phase diagram can be
divided into two partial systems following.

The partial system Cu-CuxO: The solubility of oxygen in copper is extremely small.
The solubility is the highest at the eutectic temperature, with 0.008 wt. (0.03 at.) % oxygen.
The eutectic temperature is 1065 °C, and the eutectic composition is 0.39 wt. (1.54 at.)
%oxygen. >34
The partial system CuyO-CuO: Cu,0 and CuO at 20.12 wt.% oxygen is indicated as

phases of fixed composition. With 14 wt. (39.2 at.) % oxygen , the two compounds form a

eutectic with 68 wt. % Cuz0, 32 wt. %CuO. The eutectic temperature is 1075 °C.>
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Fig. 1.5 Copper-oxygen phase diagram >*

The oxygen content of high-conductivity copper used in the majority of electrical
applications ranges from 0.01 to 0.05 wt.% oxygen, but can reach 0.1%. Solidification begins
with the formation of nuclei when it cools below the liquidus temperature. As the temperature
drops, pure copper formed by the nuclei grows in size, causing the liquid to become more
oxygen-rich. The liquid composition follows the liquidus line until at eutectic point. The

residual liquid between the primary grains solidifies at eutectic temperature to form the

10



eutectic structure composed of a and CuxO. It can be seen from the diagram that the
proportion of residual liquid solidifying with eutectic composition is controlled by the
oxygen level of the melt. Therefore, the relative amount of primary and eutectic constituents
provides a good indication of the alloy composition.?
The copper-oxygen system has two stable oxides, CuO and Cu20.?* The solid-state
thermodynamic equilibria of Cu, Cu20 and CuO are well established, as shown below.?*
2Cu + 1/202(g) = Cu20 (1.4)

Cuz0 + 1/205(g) 22Cu0 (1.5)

1.6 Solidification interface

There are three types of interfacial growth in liquid at the solid-liquid interface:
planar, cellular, and dendritic. The growth type is under control by removing the heat from
the system.
1. Planar growth

When the liquid in advance at the solid-liquid interface has a positive temperature
gradient, heat transfers from the liquid through the growing solid by heat conduction.
Because the temperature gradient is uniform perpendicular to the interface and linear, a
smooth interface is kept and growth into the liquid is planar. (Fig. 1.6(a))

When there is an inversion of temperature due to the decrease in temperature ahead
of the solid-liquid interface, cellular or dendritic growth occurs (Fig. 1.6(b,c)). The difference
between the two growths is the degree of undercooling; small undercooling generally

produces cellular growth, whereas large undercooling creates dendritic growth. In pure
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metals, undercooling can be caused by thermal supercooling, whereas in alloys, it can be

caused by a combination of constitutional and thermal supercooling.

(a) Solid | Liquid
Solid /) Liquid Tm/
|
Xo
(b) Solid Liquid

OB BT [
SR | el
e P <kar <k ;

Fig. 1.6 Growth interface; (a) Planar growth (b) Cell growth (c) Dendritic growth 2¢

2. Cellular growth

As displayed in Fig. 1.7, cellular growth occurs when the heading planar solid-liquid
interface becomes unstable, and a small spike arises on the interface that then develops into
a cellular-type structure. The planar surface is unstable because any part of the interface that
grows ahead of the rest enters a liquid region that has a lower temperature. The initial spikes

formed are isolated because as they solidify, the latent heat of fusion is released from the

12



spike tips into the adjacent liquid, resulting in a regional temperature increase. As a result,

parallel spikes with a nearly similar spacing advance into the liquid.

_ | — | —>

4—
Heat flow

Fig. 1.7 Transition from planer to cellular growth 2°

3. Dendritic growth

Dendritic growth is a further representation of cellular growth in which the spikes
grow side protrusions. The cells grow progressively at still higher growth velocities and
higher undercooling. Their tree-like forms have given them the name "dendrites", which
come from the Greek word "dendros" which means "tree." When the primary arms solidify
and release latent heat, the temperature adjacent to the primary arm increases immediately,
resulting in the secondary arms of dendrites growing perpendicular to the primary arms. This
produces temperature inversion between the primary arms in the liquid, so secondary arms
develop in that direction. A similar situation can be made to form the tertiary arms. The
secondary arm spacing is proportional to the heat rate removed during solidification. The

faster cooling rates create smaller dendrite arm spacings.
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Although dendrites can form in pure metals to a limited extent due to temperature
inversions, they are more dominant in alloys because of the extra undercooling caused by
constitutional supercooling. Constitutional supercooling occurs due to the segregation of
alloying elements advancing the solid-liquid front. The additional concentration of alloying
elements causes the melting point of the liquid to be reduced below the actual temperature
then the liquid is declared to be locally constitutionally supercooled. That is efficiently

undercooled due to a change in the constitution of the liquid.

1.7 Solidification Structures
The solidification structure of cast metal in a mold has two or three different zones, including
a chill zone, columnar grains zone, and a center-equiaxed grain zone (Fig. 1.8). In contrast,
not all three zones are always present in pure metals. It can have a chill zone and a columnar

zone but no center-equiaxed zone.?%?’

1. Chill zone

Since the mold wall is much cooler than the liquid metal, nucleation will occur on the
inner surface of the mold wall, and the nucleation rate is high, resulting in a small average
grain size. Each nucleation event results in forming a single crystal or grain to grow in a
dendritic manner perpendicular to the mold wall until it impinges with other grains. The
solidifying grains release the latent heat of fusion into the liquid, then superheat from liquid
dissipate, leading to a slow growth rate. Each grain in the chill zone has a random orientation

with respect to the mold wall, which is the major axis for grain orientation.
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Fig. 1.8 Solidification structure in each zone for cast metal 2

2. Columnar Zone

Column-shaped grains are located next to the chill zone and are oriented nearly
parallel to the direction of heat flow. However, most grain prefers the growth in one principal
crystallographic direction; only grains with a growth direction nearly perpendicular to the
mold wall will grow quickly into the casting center. Columnar grains have axis parallel to
the heat flow direction and grow along particular crystalline planes. When they grow,
perfectly aligned grains will develop progressively ahead of imperfectly arranged grains.
Because the grains grow quickly from the mold wall to the casting center, the parallel growth
of the dendrites and the gradually lateral growth result in the final shape of grains being

columnar.
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3. Center-Equiaxed Zone

Smaller grains are randomly oriented and nearly equiaxed at the center of the casting.
The thermal gradient decreases during solidification, causing the dendrites to grow very long.
Long dendrite grains may break down due to convection currents in the melt. Then these
broken dendrite arms can act as nuclei for new grains. In addition, new grains form due to
segregation and a low thermal gradient during solidification. The entire casting may solidify

with an equiaxed structure at low casting temperatures.?®’

1.8 Solid solutions and precipitation

In general, alloying elements may occupy some positions in the copper lattice. If these
elements replace a copper atom, this case is called substitutional, or they may fill normally
the void among copper atoms, in which case they may be called interstitial. These elements
are called to be soluble in copper, and copper containing this kind of solute is named a solid
solution. The composition of these solid solutions is known as the solubility limit, in which
the solute atoms are no longer dissolved but instead participate in the formation of new
phases. The stable relationship between temperature, composition, and phases is presented

in a phase diagram.
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Fig. 1.9 Hypothetical phase diagram 2

Fig.1.9 depicts a hypothetical phase diagram related to the presence of B in A. The
left-hand portion of the diagram contains a region where an A solid solution, labeled (a), is
present. This phase exists all the path to the melting range but has small width at low
temperatures. The line labeled “Solubility limit of B in A” shows the compositions in which
increasing B content will not dissolve in A, but will form a second phase with a very high B
content. On the other hand, at point M, the maximum solubility of B can be presented in a
solid solution of A and B. As this solution is slowly cooled, a B-rich phase will precipitate,
creating a two-phase, B-rich structure distributed in the otherwise A-rich matrix phase. If the
solution is rapidly cooled, there may not be adequate time for forming a stable amount of the
precipitate phase. Therefore, the matrix or solvent phase contains solute that exceeds the limit

of stable solubility and is called a supersaturated solid solution.!!
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1.9 Heat treatment

The hardness and strength of some metal alloys are enhanced by forming secondary
phase particles uniformly distributed in the original matrix. These particles are generated by
appropriate “heat treatment”. It is called “precipitation hardening” because the small particles
of this new phase are known as precipitates. Precipitation hardening results from small
particle formation of a new phase (or second phase). An explanation of the heat treatment
procedure can be easily described using a phase diagram. Although many precipitation-
hardenable alloys consist of two or more alloying elements in practice, the discussions are
simplified by using the binary system. The phase diagram must be the same as the
hypothetical A-B system shown in Fig. 1.9.

Two characteristics that must be presented in the phase diagram of materials for
precipitation hardening: the maximum solubility of the solute in the solvent is very high. The
solubility limit (in several percent) and the solubility limit of solute decreases sharply when
the temperature is reduced. The hypothetical phase diagram shown in Fig. 1.9 has these two
characteristics. The point M indicates the maximum solubility. The solubility limit is
represented by the boundary line between the phase regions a and o+ decreasing with
temperature. It shows that the solubility limit of B in A (at the N point) is very low. The
composition of the precipitation-hardenable alloys should be less than the highest solubility.

All of the above characteristics are required for precipitation hardening.

18



1.9.1 Solution Heat Treating

Precipitation hardening consists of two different heat treatments. The first one is a
solution heat treatment in which the solute atoms are dissolved into a solution and form a
single-phase solid solution. When consider alloys at composition Co in Fig. 1.9. Heat
treatment begins by heating the alloy to a temperature in the phase a region, assume Ty, and
waiting until B phase is completely dissolved. At this point, the alloy has an o phase with
only composition Co only. A rapid cooling is followed to prevent diffusion and formation of
B phase by quenching to Ti, which may be room temperature for many alloys. A rapid cooling
produces a nonequilibrium situation; that is, a phase solid solution is supersaturated with B
atoms at Ti. The alloy is relatively soft, and most alloys diffuse so slowly that the a phase

can be preserved at this temperature for long periods.

1.9.2 Precipitation Heat Treating

For the second process is precipitation heat treating. It is a heating the supersaturated
a solid solution to a temperature T> within o+ two-phase region (Fig. 1.9). At this
temperature, the rate of diffusion occurs extremely fast causing 3 phase to begin to precipitate
into fine particles containing Cp, sometimes referred to as aging. After proper aging time at
temperature T, the alloy is cooled to room temperature. Normally, the cooling rate at this
stage is negligible. Fig. 1.10 depicts the temperature versus time plot for both solution and
precipitation heat treatments. The character of B particles affects the strength and hardness
of alloys. The aging time and the precipitation temperature T> are important parameters

affecting P particle characteristics.
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Fig. 1.10 Schematic temperature-versus-time plot showing both solution and precipitation

heat treatments for precipitation hardening?

The aging of some alloys may occur at room temperature if there is a sufficiently long
duration. As the time increases, the strength or hardness increases to the maximum, and when
the time is reached, a certain value leads to a decreased hardness. The reduction in strength
and hardness that occurs when the aging time is too long is called “overaging”, the effect of

temperature has no clear tendency.?
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1.10 Effect of oxygen and hydrogen
1.10.1 Oxygen effect

In copper melting, oxygen is a significant hazard. It is a cause of porosity and
decreases the strength of copper alloys if lack of sufficient phosphorous contains or other
deoxidizers. Most copper alloys contain deoxidizing elements, which are typically
phosphorous, silicon, manganese, aluminum, or iron. These elements will commonly
combine with oxygen to eliminate the possibility of porosity. The cuprous oxide content
affects the soundness and strength of commercial coppers; as the oxide content decreases,
the soundness increases.

In electrical Cu, the oxygen impurity causes particular problems. Although liquid Cu
can dissolve several percent O, only an extremely small amount of oxygen can dissolve into
solid copper, as shown in the copper-oxygen phase diagram. (Fig. 1.5) The oxygen solubility
1s highest (0.008 wt%) at 1065°C and near-zero at 20°C. At an oxygen content of 0.39 wt%,
the solid solution o with Cu20 forms as an eutectic structure. The CuxO proportion in the
eutectic is approximately 3.5 wt% when the oxygen amount of CuxO is 11.2 wt%. This
relatively small content of CuxO -oxides distributes in the copper matrix formed by the solid
solution a. The eutectic has no effect on copper ductility if the eutectic content does not reach
10% in copper. Nevertheless, the eutectic structure can be destroyed from hot forming. When
the eutectic at the grain boundaries dissolves above the eutectic temperature (1065 °C), The
oxygen-containing copper is sensitive to hot cracking.

ETP copper contains about 0.06 wt % oxygen. Oxygen can also be found in the form

of a free gas. When the solid copper is heated, e.g., during melting, CuO -oxides release the
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oxygen. The released oxygen is entrapped in the metal during rapid solidification, causing
porosity of the melt, the oxygen is released in the following manner:
Cu0 — CuO +2Cu —
2Cu0 - 2Cu+ 02 —
02 — (0) +(0)

During rapid solidification, dissolved oxygen is redistributed as a small quantity of
oxygen in a solid solution with Cu»O precipitate particles. The dissolved oxygen and CuxO
precipitates both cause problems. Even small contents of dissolved oxygen reduce electrical
conductivity. CuO precipitates have a slight effect on conductivity, but they degrade

ductility for hot and cold work.!>2

1.10.2 Hydrogen sickness

The existence of oxygen in the material makes copper sensitive to hydrogen sickness.
If a copper material has oxygen, it tends to have hydrogen sickness. When oxygen and
hydrogen are simultaneous in the molten solution or heated solid copper. Hydrogen from
atmospheric humidity or the combustion products of furnace fuel used to melt the metal can
enter hot copper. The CuxO precipitates can then react with hydrogen to generate steam

bubbles inside the copper by the following reaction.

Cuw0 + 2H— 2Cu + H20 (1.6)

Raising the temperature of the copper leads more oxygen to react with hydrogen,
resulting in water bubbles are formed both inside the grains and the grain boundaries.

Because the molecules of HO are excessively large to diffuse in the metal, small steam
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bubbles gather, producing high enough internal pressures to crack the metal. Water presents
as small droplets retained in closed holes. When they form particularly at the grain
boundaries, the strength of copper is significantly reduced. This phenomenon is referred to

as hydrogen sickness. 3?8

1.11 Thermal expansion and thermal conduction
Thermal expansion
Many solid materials expand when heated and contract when it is cooled. Changes

in the temperature and length of the solid material may be displayed as follows.

L0 = ) (T; — To) (1.7)
lo

or A= qAT (1.8)

=
Where [, and [f are the original length and final length at temperature T, and T,
respectively. The parameter a; represents linear coefficient of thermal expansion. It is a
material property that indicates thermal expansion of materials when heated. Its unit is (°C)
Uor (°F)!. The linear coefficient of thermal expansion for copper is 17 (°C)™!.

Moreover, heating or cooling has an effect on the dimensions of material, resulting in a

change in volume. Volume changes with temperature can be calculated using

=L = a, AT (1.9)

0

Where AV and V,, represent, respectively, the volume change and the initial volume. The
parameter «, is the volume coefficient of thermal expansion. In most materials, the value of

a, is anisotropic; In other words, it depends on the direction of crystallography as it is
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measured. For materials with isotropic thermal expansion, a,, is about 3a;. When consider
in atom, the thermal expansion is the result of an increase in average distance between

atoms.??

Thermal conduction

Thermal conduction is a phenomenon in which heat in a substance is transported from
high-temperature to low-temperature regions. The material property that defines the ability
to transfer heat is thermal conductivity. It is well described by the Fourier’s law expression

q=—k= (1.10)

Where q is heat flux or the heat flow, per unit time per unit area. k denotes the thermal
conductivity; 398 W/mK for copper, and dT/dx is the temperature gradient across a
conductive medium. Equation 1.10 is applicable only for steady-state heat flow— in this
case, the heat flux does not change over time. The minus sign in Eq. 1.10 represents heat
flow from high to low temperature. Fourier’s law for heat flow in Eq.1.10 is identical in form
to Fick’s first law for steady-state diffusion. This means that the solutions to heat flow
problems are the similar as those to matter flow problems when k is replaced by the diffusion

coefficient D, and temperature gradient dT/dx is replaced by concentration gradient

de/dx. 2>
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1.12 Oxidation mechanism

Most elements are most stable in their oxide state. When any metal is exposed to the
atmosphere, a thin oxide film forms immediately following the reaction.

M(metal) + O(oxygen) — MO(oxide) + energy (1.11)

The free energy of oxidation released when a material reacts with oxygen is the
driving force for a material to oxidize. At room temperature, most metals oxidize at too slow
a rate. The rate of oxidation increases when they are heated.

The gain or loss in weight, Am, can be measured after the metal is held at temperature
T for an increasing time t. If the oxide bonds to the metal, the gain weight increases in time
t in either a linear (Am o t) or a parabolic (Am a t1/2) manner. On the other hand, when the
oxide is volatile, the metal loses weight linearly with time (Am— -t).

Therefore, there are two different types of weight gain behavior. Some metals exhibit

linear weight gain, implying that oxidation is occurring at a constant rate:

==K giving Am=k, (1.12)

where ki is the linear rate constant. This is caused by the oxide film cracking or
spalling off when it becomes too thick and fails to cover the underlying metal. The oxide film
of some metals firmly adhered to the metal. It is coherent and compact. Thus, the weight gain

for these is parabolic, slowing with time, implying the rate of oxidation rate with the form

dAm_k_p

o . 2_
o am giving Am== kt (1.13)

where k; is the parabolic rate constant. Once the oxide film is formed, the metal is

separated from the oxygen by oxide film. To continue the reaction, oxygen atoms must either
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diffuse through the film to encounter the metal or metal atoms must get outward through the
film to react with the oxygen. For this reason, if the film is thicker, it takes a longer to diffuse
to reach each other so the oxidation is restrained by the diffusion rate.
The oxidation mechanisms occur on both sides of the oxide film, as described below.
1. Cu forms an ion by releasing electrons:
Cu—-Cut+e” (1.14)
2. The electron is absorbed by oxygen to give an oxygen ion:
0, + 4e~ - 20%" (1.15)
3. Copper ion combines with oxygen ion to form Cu,0 :

2Cut + 0% > Cu,0 (1.16)

Cu,0O grows at surface
O, +4e — 202'/ Air O, +4e — 202  Air
A2 Oxide 3 )] Oxide

Cu— Cu*+ ex sl
Cu,O grows at surface

oL :C;u* + - Copper

Fig. 1.11 Oxidation mechanisms of copper (a) Growth by copper diffusion (b) Growth by

oxygen diffusion

In Fig. 1.11(a), the copper ion gets out through oxide film to react with oxygen from

the air, Cu20 growth by copper diffusion appears at oxide and air interface. At the same time,
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Cu0 grows at the interface between copper and oxide when oxygen ion diffuses inward to
meet copper ion, as shown in Fig. 1.11(b). If there are many oxides because of thickness
increases, the oxide behaves an insulator, electrons cannot diffuse through. Thus, oxygen
must diffuse inward. The gradient of oxygen concentration is Co divided by the thickness of
oxide film, x. The growth rate of oxide film is proportional to the flux of atomic diffusion
through it, giving

Yo L=, (ewr) @ (1.17)
Where D is the diffusion coefficient, K is a kinetic constant and Q is the activation energy
of oxygen diffusion. Integrating gives

x? =kt (1.18)
The equation (1.18) is identical as equation (1.13)

Q
Where k, = Aert (1.19)

The equation (1.19) is commonly referred to as the "Arrhenius expression." The
oxidation rate rises rapidly with increasing temperature and the growth rate obeys the
parabolic rate law.

Where k,, is the parabolic rate constant, A is the pre-exponential constant, and R is the gas

constant.?’
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1.13 Manual for fire investigation by NITE

In Japan, the National Institute of Technology and Evaluation (NITE) was disclosed
the Manual for investigating the cause of fire accidents in home appliances 2010.2 They
discriminated PMM and SMM by estimating the surrounding temperature during short-
circuiting from the “dendrite arm spacing” (DAS) method and the “cell size” (CS) method,

as presented in Fig. 1.12.

IAppearance observation|

ICut the melted mark from the core wire |

Weight measurement of the melted mark|

IMounting the melted mark by resin|

Polishing and observation with microscope)|

If dendrites observed If dendrites unobserved|
DAS method S method
A 4
- DAS measurement ell size measurement]
~Oxygen concentration 1
measurement

Volume calculation by | [Volume calculation by

Approximation method| [Specific gravity method
I |

Reference with reference Reference with reference
data for DAS method data for CS method

v v
Estimation of surrounding Estimation of surrounding
temperature temperature

Fig. 1.12 Flow chart of the metallurgical examination method on melted of copper wire by

DAS method and CS method?
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DAS method is used to estimate the surrounding temperature by measuring DAS and oxygen
concentration and comparing it to reference data.
CS method is used to estimate the surrounding temperature by measuring cell size and melted
mark volume and comparing it to reference data.

From method validation by Lee et al.’, the PMM can be formed at about 400 °C or
less, the oxygen concentration in the oxidized structure ranges from 0.05 wt% to 0.16 wt%,
while the SMM can be made at about 600 °C or more, and the oxygen concentration of 0.05
wt% to 0.26 wt% contains in the oxidized structure. If the estimated surrounding temperature
is between 400 °C and 600 °C, this flow chart is insufficient to classify PMM and SMM.
Therefore, the estimated surrounding temperature from this flow chart cannot identify PMM

and SMM at intermediate surrounding temperatures.

1.14 Objectives of this thesis
1. To collect the characteristic microstructures and copper oxide formation of the primary
melted mark on copper wire formed and annealed under various fire environments
2. To establish the metallurgical examination method for fire investigation by using the
collected characteristic microstructures and copper oxide of PMM to describe the fire
behaviors and identify the PMM leading to pointing out the origin of the fire.

The fire investigation from the copper oxide and the microstructure of melted mark
on the copper wire has received little attention. Moreover, the complexity and diversity of

fire behaviors have been found in fire accidents. Additionally, the fire investigation method
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on the melted mark of copper wire by metallurgical technique remains unclear. Thus, the
objectives of the research presented in this thesis are:

In chapter 1, to indicate the background and significance of the investigation of
solidification microstructure and copper oxide formation on the melted mark of copper wire
for fire investigation. Furthermore, to point out that the present fire investigation methods
are still insufficient to identify the PMM. Thus, we have to fulfill them by establishing the
metallurgical examination method for the melted mark on copper wire.

In chapter 2, the first goal of this chapter is to investigate the characteristics of PMM
solidified in the air and water before heat treatment by observing microstructure and dendrite
growth direction, as well as examining the cooling rate impact on oxygen concentration for
each zone of the melted mark on copper wire. The second purpose is to investigate the effect
of cooling rate on the melted mark on copper wire after heat treatment in order to describe
the fire behaviors by observation of surface morphology and microstructure evaluation,
phase identification of the oxide layer using XRD, and investigation of the cooling rate
influence on crystallite size of the oxide layer.

In chapter 3, because of the variety of fire behaviors discovered in the fire event, the
evolution of the microstructure and oxide layer on the melted mark of copper wire in various
fire environments is important in fire investigation. In particular, the effect of annealing
temperature and annealing time on the microstructure and oxide layer of the melted mark on
the copper wire after heat treatment has not been extensively researched. Therefore, this study
investigated the microstructure and typical oxide layer of PMM after annealing at different

annealing temperatures and times.
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In chapter 4, the first aim is to establish a metallurgical examination method for
melted marks on the copper wire formed in a fire accident by referring to the solidification
microstructure and oxide evolution in chapters 2 and 3 to describe the fire behavior and
identify the origin of the fire. The second objective is to validate the method by examining
real melted marks on copper wires collected from actual fire accident sites in Thailand using

our established metallurgical examination method.
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Chapter 2  Investigation of solidification microstructure at various cooling rates

before and after heat treatments on the melted mark of copper wire

2.1 Introduction

Copper is used to make conductors in their pure form. To achieve the desired size,
the copper is heated and drawn through progressively smaller dies. Such copper has no
discernible crystal structure.! Moreover, the solidification structure of melted marks on
copper wire caused by short-circuiting has received little attention. The melted mark on the
copper wire is crucial evidence used by the fire investigator to determine the source of the
fire because it is not severely damaged and is left after the fire. However, various melted
marks are occasionally discovered in the fire, making distinguishing between primary melted
mark (PMM) and secondary melted mark (SMM) difficult. A visual examination does not
provide a high level of confidence in assessing the damage. More advanced examination
techniques, such as cross-sectioning and polishing, metallurgical methods, and SEM/EDS
examination, could support the distinction between PMM and SMM damage.!

Lee et al.? determined the relationship between dendrite arm spacing (DAS), oxygen
concentration and ambient temperature of the copper and cuprous (Cu20). In the oxidized
structure, copper primary dendrites may be observed at an oxygen concentration of less than
0.39 wt%, and cuprous oxide (Cu20) primary dendrites may be observed at an oxygen
concentration of 0.39 wt% or more. Both Cu primary dendrites and Cu,0O primary dendrites
have increased DAS as the temperature increases because the cooling rate is slow at high
temperatures. In the case of Cu primary dendrites, the lower oxygen concentration, and the

case of CuO primary dendrites, the higher the concentration, the farther the oxygen
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concentration is from the eutectic point, the larger the DAS. When a Cu-CuxO binary alloy
is melted and solidified, Cu crystallizes first when the oxygen concentration in the liquid
phase is 0.39 wt% or less, and solidification continues while the oxygen concentration in the
liquid phase increases. In contrast, CuxO crystallizes first when it is 0.39 wt% or higher, and
solidification keeps going while the oxygen concentration in the liquid phase part decreases.
When the oxygen concentration of the remaining liquid phase portion reaches 0.39 wt%,
solidification is complete and a eutectic structure is formed. Consequently, the oxygen
concentration is low, Cu primary dendrites appear. The oxygen concentration is high, Cu2O
primary dendrites with an oxygen concentration of 0.39% or more present. Thus, the final
microstructures after solidification become either Cu-primary dendrites or Cu,O primary
dendrites surrounded by Cu-CuO eutectic structure, which depends on oxygen
concentration.’

Liu et al. discussed the solidification of melted mark on copper wire simulated by the
short-circuiting at atmosphere. Due to the high current density of short-circuiting occurring
in the atmosphere, the liquid copper at melted site adsorbs oxygen from air. The dissolved
oxygen in liquid copper on the melted site obeys Sievert’s law. The oxygen solubility
increases in the liquid copper at high temperature due to the rapid heating from short-
circuiting. According to Cu-O phase diagram, during melting, the copper liquid forms two
liquids miscibility gap at the temperature below T = 1618 K (L—L;+L2). When the
temperature of the copper liquid at the surface of an outer melted mark is decreased lower
than the freezing point of cuprous oxide of T=1502 K (L,—Cu20). L is then solidified into

a cuprous oxide layer, which serves to protect the oxygen in the ambient atmosphere from
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further dissolving into the melted mark continuously, as shown in Fig. 2.1. When the
temperature of the melted mark solution is below 1496 K. (Li+L;— Li+Cu20). The

monotectic transformation thickens the cuprous oxide layer.

AN
Solutalm

Unmelted wire <— Oxide layer

Fig. 2.1 Schematic diagram of microstructure of melted mark on copper wire?

During a rapid solidification below freezing point of copper (1358 K), copper atoms
in liquid nucleate heterogeneously at the unmelted/melted interface of copper wire.
Capillarity and thermal conduction cause the copper atoms on the liquid site to crystallize at
the interface. The solidified Cu phase dendrites have the appearance of a nonfaceted crystal
in which the growth direction of cellular dendrites is opposite to the heat flow direction. The
solutal Cu dendrites develop rapidly from the unmelted site to the melted mark surface. At
this stage, the solutal Cu-dendrite tips reject the oxygen into liquid and enhances the oxygen
concentration in solution. As the series of events continue, the oxygen content of the solution

increases, and it may eventually reach the eutectic composition of the (Cu+Cu20) Phase. The

37



residual solution repelled by Cu dendrites growth to the cuprous oxide surface of melted
mark forms the eutectic composition solution. When the temperature decreases lower than
the eutectic temperature of 1339 K (L; —Cu+Cu20), the residual eutectic solution is finally
solidified into a Cu-Cu2O eutectic structure. Therefore, the microstructure constituents of
solutal Cu-dendrites and Cu-CuzO eutectic structure under the cuprous oxide surface layer
are the final microstructure in solidification of the melted mark on copper wire as illustrated
in Fig. 2.1.°

Nevertheless, a diversity of fire behaviors is evidenced in a fire accident.* The
microstructure of PMM on copper caused by short-circuiting and solidifying at different
cooling rates both before and after heat treatment has not been extensively researched.
Besides, PMM is rapidly formed and suddenly solidified in an atmosphere at or near room
temperature. SMM, on the other hand, is created and slower cooled at a high fire temperature.
As a result, PMM's cooling rate should be much higher than SMM's.?

Therefore, the first goal of the research in this chapter is to investigate the
characteristics of PMM solidified with various cooling types before heat treatment by
observing microstructure and dendrite growth direction, as well as examining the cooling
rate impact on oxygen concentration for each zone of the melted mark. The second purpose
is to describe the fire behaviors from PMM cooled with different cooling rates after heat
treatment by observation of surface morphology and microstructure evaluation, phase
identification of the oxide layer using XRD, and investigation of the cooling rate influence

on crystallite size of the oxide layer.
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2.2 Materials and methods

The commercial single core copper wires (99.95 wt% Cu) of 25 mm in length and 2.6
mm in diameter have been used in the experiment. Because the short-circuiting occurs at the
point where the PVC insulated copper wire is damaged, the PVC insulation was peeled off
prior to simulating short-circuiting. An arc welding machine (Fig. 2.2) was used to imitate
the short-circuiting on the end of copper wire with rapid melting and sudden solidifying in
the air and water (Fig. 2.3(a)). The “melted mark™ on copper wire obtained after melting by
the arc welding machine. The air-solidified and water-solidified samples are the melted

marks for without heat treatment condition.

Vs

. Flcctrode | u&m—

Copper wire
(Sample)

25 mm

—
2.6 mm

Power Source

Fig. 2.2 Schematic diagram for copper wire melting by arc welding machine
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(a) (b)

Melting point
1,083°C

1,000 °C, 10 min

Temperature

Time

Fig. 2.3 Schematic diagram of (a) solidification process, and (b) heat treatment process

Another experimental condition is modeling the fire environment using a heat
treatment process to examine the cooling rate effect after the fire. The thermocouple was
placed 2 mm from the end of the copper wire under the copper wire. As shown in Fig. 2.3(b),
the melted marks solidified in the air were annealed in the electric furnace for heat treatment
at 1000°C for 10 minutes before being cooled to room temperature for different cooling
methods (furnace, air, and water).

Both unannealed (Fig. 2.3(a)) and annealed (Fig. 2.3(b)) samples were mounted with
conductive resin (Technovit) and longitudinal cut to observe the microstructure in the
longitudinal section. Then, they were ground with sandpaper from #500 to #4000 and further
mirror-polished by a diamond paste of 0.1 um. The alcohol was used to clean the samples in

an ultrasonic bath after grinding and polishing. Previous to using an optical microscope to
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examine the microstructures, all samples were further etched for a few minutes with a
solution of 10 g FeCls, 30 ml HCI, and 120 ml distilled water.>’

The surface morphology and chemical composition of all specimens were examined
by Scanning electron microscope (SEM) of HITACHI SU3500 attached Energy dispersive
X-ray spectroscopy (EDS).

The phase identification of the oxide layer on melted mark was conducted by X-ray
diffraction (XRD) of Rigaku, RINT-2100 under 40kV/4mA and CuKa radiation at 0.1540
nm wavelength. Data was collected in the range 26 of 20 to 80 degrees with 0.02 degree

steps.

2.3 Results and discussions
The results and discussions in this chapter are divided into two sections, including the
cooling rate effect on solidification of unannealed melted marks and the cooling rate effect

on microstructure formation of annealed melted marks.

2.3.1 Cooling rate effect on solidification of unannealed melted marks

The melted marks generated by arc welding machine and solidified in the air and by
water were illustrated in Figs. 2.4(a) and (b), respectively. These two melted marks were
examined for the following characteristics: dendrite growth, heat conduction, microstructure

characterization, and oxygen concentration.
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Fig. 2.4 The melted marks from simulating by arc welding machine solidified (a) in air (b)

by water

2.3.1.1 Dendrite growth

Figs. 2.5(a-d) and 2.5(e-h) show the structures in the longitudinal section of melted
marks on copper wire solidified in air and water, respectively. Both different solidified
samples depict the microstructure of the non-melting zone, which differs from the melting
zone by having a distinct boundary on the left part. The structure in the non-melting region
is an annealing twin because it is like being annealed as it receives the heat transmitted from
the melting area. As well known, copper has a face center cubic structure; its structure can
transform into the annealing twin structure after annealing.®® In comparison, the melting
region has a dendritic structure. The detail of dendritic formation will be discussed in section
2.3.1.3. Furthermore, gas porosities are only visible in the melting region; it was assumed
that gas porosities were created during the solidification process when a large amount of

oxygen, hydrogen, or nitrogen was dissolved into liquid copper.
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Fig. 2.5 The longitudinal section of a melted mark solidified in air (a-d) and water (e-h), with

(b,f) near the non-melting zone, (c,g) in the middle, and (d,h) near the melted mark's surface.
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As illustrated in Figs. 2.5(b,f), the dendrites start to develop at the non-
melting/melting interface. Because during solidification, when the temperature of liquid
copper is lower than the melting temperature of 1083°C,® copper atoms in liquid are nucleated
as crystals at the non-melting/melting interface of copper wire. Then, the crystals grow from
this interface into the surface of the melted mark to form columnar crystals as exhibited in
Figs. 2.5(b-d) for solidification in the air and Figs. 2.5(f-h) for solidification by water. The
dendrite growth direction of both melted marks is in the same direction.

Even though the direction of dendrite growth of the water-solidified sample should
be from the surface of the melted mark to the inside. Because of the very small volume of
the melted mark, the liquid copper suddenly solidifies, then the dendrites progressively grow
from the interface to the surface of the melted mark due to the heat propagating to the long
unmelted solid copper wire. It can be seen that the growth of dendrites for both cooling types
from the non-melting area to the surface of the melted mark is in the opposite direction of
heat transfer which becomes the primary growth direction.

Additionally, the direction of dendrite growth and heat transfer for the air-solidified
sample is compatible with the melted mark simulated from short-circuiting at 110 volts, as

mentioned by Liu et al.*?

2.3.1.2 Heat conduction
Heat conduction is directly related to the dendrite growth from the non-meting
zone to the surface of the melted mark for air and water-solidified samples. The random

movement of atoms, molecules, or electrons in a solid causes heat to be transferred through
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it.” The difference in temperature drives the heat transfer. As a result, whenever a material is
hotter than its surroundings, heat flows from the hotter zone to the cooler zone. The two-
dimensional steady-state heat conduction problem was solved to yield the temperature

distribution map and clarify the heat transfer parallel to the longitudinal copper wire.

(a) ) 25 mm 2._.'5 Tm
) 25°C |2506 °C
c =
E| S
(o]
N N N
25°C 2500 °C
(b) X
AyL AX y l
(i,)-1)
(&)
s o S
& (+1)) (@) | (1) =
(@]
(i,j+1)

Fig. 2.6 Schematic diagram of heat conduction in two-dimension model (a) boundary

conditions (b) mathematical model

45



Since a copper wire of 25 mm in length and 2.6 mm in diameter was carried out in
this project, the melted zone is approximately 2 to 2.5 mm from the wire's end. This problem
assumes steady-state heat conduction in two dimensions with a constant thermal conductivity
(k) of 398 W/Km and no generation. From the schematic diagram of heat conduction in two-
dimension model in Fig. 2.6, the temperature on the right side of the copper wire has been
set to 2500°C as a result of optimization, while boundary conditions on the other sides have
temperature of 25 °C. Thus, the x and y directions on the solid copper wire have varying
temperatures.

To determine the temperature gradient, the copper wire is divided into one of the
elements denoted by i and j. Let us consider the element (i, j), as heat flows from high to low
temperatures through the right boundary to the left boundary, so the energy in the x-direction
comes in from the (i-1, j) element and goes out to the (i+1, j) element. In the same way, the
temperature should be higher near the upper and lower boundaries in the y direction.
Therefore, the energy balance of each element can be estimated using Fourier's law as

follows:' -2

0=[- k(T = T ) 4 k(T = T ) _ k(T ) = T o) I k(T oy — T(i.j))] (2.1)

Ax Ax Ay Ay

Where Ax =2.5 mm, Ay = 0.26 mm. The temperature distribution map solved from equation

(2.1) is shown in Fig. 2.7.
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Fig 2.7. Temperature distribution map of copper wire heated at the one tip

The high-temperature zone in the temperature map appears only slightly away from
the tip of the wire. The melting region should be a region with a temperature above the
melting point of copper (1083 °C), positioned no more than 2.5 mm from the tip of the wire.
Following the melting region, the temperature rapidly drops to a low level from the melting
region. It is clear that the heat transfers from the tip of the hotter zone along the solid copper
wire to the cooler zone. As the copper wire was only melted 2 to 2.5 mm from one tip, the
more substantial difference in temperature between the non-melting area with a long wire
and the melting area with a short wire enhances the greater heat flow. As a result, when the
temperature of the liquid copper is below its melting point, whether the air-solidified sample

or the water-solidified sample, nucleation is formed immediately at the non-melting/melting
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interface. Then, dendrites grow rapidly from this interface to the melted mark’s surface as

the high heat transfer to the long copper wire.

2.3.1.3 Microstructure characterization
The microstructure characterization of the melted marks solidified in the air and water
is revealed in Fig. 2.8. In most areas of both specimens, the microstructure comprises primary

Cu dendrites in a bright area enclosed by a (Cu+Cu20) eutectic structure in a dark area.

Fig. 2.8 Microstructures of the melted mark solidified in (a) air (b) water

The Cu-O phase diagram can be used to describe it.> When the temperature of liquid
copper is below 1083 °C, the copper atoms initially crystallize at the non-melting/melting
interface. They solidify as primary Cu dendrites and grow progressively from this interface
to the melted mark's surface to shape columnar dendrites in the preferred crystallographic
direction, opposite the direction of heat flow. The constitutional oxygen atoms are rejected

from dendrite tips into liquid during dendrite growth, producing richer oxygen solutions in
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the form of eutectic composition solutions. When the temperature is less than the eutectic
temperature of 1065 °C, the eutectic solution that is repelled by dendrite tips solidifies further
to form a (Cu+Cuz0) eutectic structure. Thus, the microstructure of melted marks on the
copper wire after solidifying in the air and water has two phases of primary Cu dendrites and
(Cu+Cu20) eutectic structure. However, the EDS mapping between two different cooling
rates is illustrated in Fig. 2.9. The oxide particle is visible only the water-solidified sample,
as shown in oxygen mapping. It was considered that Cu,O particles were formed as the main
precipitates during cooling to room temperature. Besides, it has been also reported that a
higher cooling rate accelerates more precipitation process of CuxO precipitates 417,
Although the microstructure constituents between the air-solidified specimen and the
water-solidified sample are similar, dendrite arm spacing differs noticeably. The secondary
dendrite arm spacing (SDAS) of the air and water-solidified specimens is 12.0 um and 4.7
um, respectively. Because of the faster cooling rate in water, the SDAS of the water-
solidified specimen is smaller than that of the air-solidified specimen. In detail, when the
cooling rate is rapid, the undercooling to a low temperature raises the number of nuclei. As
a result, the nucleation rate predominates over the growth rate, resulting in a smaller SDAS

in the water-solidified sample. Therefore, the difference in SDAS due to the cooling rate

effect might have valuable in clarifying the fire behaviors after short-circuiting.
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Fig. 2.9 EDS mapping of the melted mark solidified in (a) air (b) water

2.3.1.4 Oxygen concentration

According to the Cu-O phase diagram,'*'8-2

when the oxygen content in the liquid
phase of a Cu-Cu20 binary alloy is 0.39 wt% or less, liquid copper is solidified prior, and
solidification keeps going while raising the oxygen content in the liquid phase. When the

remaining liquid phase's oxygen content reaches 0.39 wt%, the solidification process is

finished, forming the eutectic structure. Therefore, the oxygen content in the Cu primary
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dendrite part is 0.008 wt%, and the eutectic structure has 0.39 wt% oxygen.? Consequently,
the oxygen concentration can be determined using the area ratio method using the following
equation (2.2).
O(Wt%)=0.39x (A -Ap)A (2.2)

Where O (wt%) is oxygen concentration in weight percent, A is total observed area, and Ap
is area of copper dendrite.

The observed areas used to estimate the oxygen concentration are shown in Fig. 2.10.
It comprises the Cu dendrites in the red parts and the eutectic structure in the dark parts. The

area of the eutectic microstructure rises with the rising oxygen concentration.
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Fig. 2.10 Area ratio analysis of melted mark solidified in the air (a-c), and water (d-f)

where (a,d) at close to non-melting region, (b,e) in the middle, and (c,f) at close to surface

of melted mark
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Fig 2.11. The plot of oxygen concentration versus distance to the surface of melted marks

As shown in Fig. 2.11, the oxygen content of both melted marks represents the highest
content when distant from the non-melting/melting interface, which is located near the melted
mark's surface and decreases with distance from the surface. During melting, it was believed
that the liquid copper absorbed oxygen from the air. The oxygen content then reduced with
increasing diffusion distance from the melted mark's surface.!” In addition, the change in
oxygen content between air and water-solidified specimens is clearly visible near the surface
and is nearly identical inside the melted mark. These could be caused by water because H.O
molecules are more easily broken up than Oz molecules.!! Another one, during the growth
from the non-melting/melting interface to the surface of the melted mark, the constitutional
oxygen is pushed progressively into the liquid from the dendrite tips. As a result, the region

near the surface may have the highest oxygen content.’
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In conclusion, the rapid cooling rate of the water solidified specimen results in the
higher oxygen content especially at the surface. Therefore, the area ratio method for
estimating oxygen concentration should be examined closer to the surface to recognize
solidification and support fire investigators in interpreting the fire behaviors for fire

investigation.

2.3.2 Cooling rate effect on microstructure formation of annealed melted marks

After solidifying in the air, heat treatment of melted marks on the copper wire was
carried out at 1000 °C for 10 mins and cooled down with different cooling types (furnace,
air, and water) to simulate the fire environment. These three samples were examined for the
following characteristics: surface morphology, phase identification of oxide layer, crystallite

size of oxide layer, and microstructure characterization.

2.3.2.1 Surface morphology

SEM was used to examine the surface morphology of melted marks for each cooling
condition, as shown in Fig. 2.12. An almost wholly cracked oxide layer from the outer surface
of the melted mark can be observed in the water-cooled sample, as revealed in Fig. 2.12(c).

In contrast, as shown in Figs. 2.12(a,b), furnace and air-cooled samples partially
crack in the oxide layer. This can be referred to in terms of the difference in thermal
expansion. Because of its high diffusivity and atomic mobility, the oxide layer is expected to
grow strain-free during high-temperature heat treatment.!> When the heat treatment is
finished, the strain is established between the copper and copper oxide layer as the melted

mark cooled down.
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Fig. 2.12 SEM images of surface morphology of melted marks cooled in (a) furnace, (b)

air, (c) water.

When the cooling rate of the water-cooled sample is speedy, the crystallites' ability

to rearrange themselves cannot withstand the strain, raising the possibility of cracking the

oxide layer and leaving the melted mark's outer surface.
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Fig 2.13. EDS results of surface morphology on melted marks cooled in the furnace

Because of a perfect oxide layer on the outer surface of melted mark cooled in the
furnace, elemental analysis by EDS was performed into the oxide layer as illustrated in Fig.
2.13. The EDS spectrum on the dark depression of oxide grain at point 1 indicates the

existence of copper and oxygen elements of 2:1, corresponding to the amount of copper and
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oxygen in Cu20. In comparison, the amount of copper and oxygen at their grain boundary in
the bright region (point 2) is close to the theoretical percentages of copper and oxygen
elements in CuO. Therefore, the presence of Cu,0O at the inner surface covered by the CuO
scale at grain boundary is the characteristic morphology of melted marks after heat treatment.
Besides, phase identification of the oxide layer by XRD can be used to confirm the existence

of the oxide layer, as discussed further below.

2.3.2.2 Phase identification of oxide layer

To confirm the existence of copper oxide phases, XRD analysis of copper oxide
collected from the surface of the melted marks has been performed. The XRD patterns of
melted marks cooled in the furnace, air and, water are illustrated in Fig. 2.14. The diffraction
peaks centered at 20 =29.42, 36.29, 42.16, 61.27, 73.40, and 77.27 degrees are attributed to
the (110), (111), (200), (220), (311), and (220) reflection planes of Cu,0O, respectively. These
peaks agree well with the CuxO powder from JCPDS file no. 00-002-1067, confirming the
existence of CuxO for all cooling types.

The oxidation mechanism is explained by the fact that copper atoms interact with
oxygen atoms to form Cuz0, a reaction known as: 2Cu + % O, — Cu20." A high annealing
temperature accelerates the diffusion of oxygen or copper into each other, the formation of
Cu0 is predominant, Cu,0 rapidly grows with an increase in layer thickness. There is a
small amount of original Cu,O that oxidizes to CuO via the reaction described below: 2Cu,O
+ 02 — 4CuO"? as demonstrated in SEM image of Figs. 2.13(a) and (c). Although, the EDS

result represents the presence of CuO at grain boundary, it has not observed any XRD peaks
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of CuO formation all samples. CuO growth on the Cu,O layer is extremely limited because
CuO has low atomic transport due to the lack of vacancies in CuO for quick atomic
transport.'* As a result, a small amount of CuO in comparison to CuO results in an

undetectable amount of CuO by XRD.
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Fig. 2.14 XRD patterns of copper oxide on the melted mark of copper wire after heat

treatment and cooling down with different cooling types

2.3.2.3 Crystallite size of oxide layer
Because only the CuO phase can be discovered at the oxide layer covering the melted
mark's surface for all cooling types, the difference in cooling rate may not affect phase

transformation. However, the effect of the cooling rate on the crystallize size of Cu,0 was
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still investigated. The determination of the crystallize size from the broadened peaks in the

XRD patterns using the Debye-Scherrer formula in equation (2.3) is a convenient method.!*!#
D =094/ FcosO (2.3)

Where D is crystallite size of Cu20, A1 is X-Ray wavelength of 0.1541 nm, £ is Full width at

half maximum (FWHM) and 0 is the angle of diffraction.
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Fig. 2.15. The relationship between Cu,O crystallite size and cooling rate

The CuxO crystallite sizes of all specimens were calculated from the broadened major
peak centered at 20 = 36.29. Fig. 2.15 depicts a logarithmic plot of cooling rate and
Cu,0 crystallite size. After cooling in the furnace at a slow cooling rate, Cu2O with a size
of around 50 nm is achieved. As the cooling rate increases, the size of Cu2O crystallites

decreases rapidly to approximately 46 nm for air-cooling and 44 nm for water-cooling. From
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the comparison of the CuyO crystallite size due to the effect of cooling on the melted mark
after heat treatment, it was found that the cooling rate has a considerable impact on CuxO
crystallite size. This indicates that the Cu2O crystallite size forming on the melted mark's
surface in the case of cooling in fire ambient may be larger than the CuxO size on the melted

mark's surface cooled with a slower cooling rate, such as water.

2.3.2.4 Microstructure characterization
The longitudinal section of melted mark on copper wire after annealing then cooled

in (a) furnace, (b) air, and (c) water are presented in Fig 2.16.

Fig. 2.16 The longitudinal section of melted mark on copper wire after annealing then

cooled in (a) furnace, (b) air, and (c) water

The different cooling samples depict the structure of the non-melting zone, which

differs from the melting zone by having a distinct boundary at non-melting/melting interface.
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The structure in the non-melting region is an annealing twin because the original structure of
copper is annealed. As well known, copper has a face center cubic structure; its structure can
transform into the annealing twin structure after annealing.®*?! In comparison, the melting
region has no dendrites. However, there are columnar grains arranged from the non-
melting/melting interface to the melted mark’s surface due to the heat transfer anti-parallel
to the grain growth direction.

The optical microscope with a magnification of 200x was used to examine the
microstructures of annealed samples. Fig. 2.17 demonstrates the microstructures of the
melted marks (a) before annealing and (b) after annealing then cooled in furnace, (c) air, and
(d) water. After annealing, there is clearly a substantial evolution in the microstructure. The
microstructure prior to heat treatment consists of the following Cu dendrites in a bright
part and the (Cu+Cu,0) eutectic phase in the dark part (Fig. 2.17(a)), as explained in section
2.3.1.3. Dendrites vanish completely after heat treatment (Figs. 2.17(b-d)). Because
Cu dendrites with high curvature must minimize their surface energy to achieve more
thermodynamic stability, this is well known in the ripening phenomenon. The Cu dendrites
are dissolved by the interdendritic liquid during heat treatment, and then they redistribute
within a single grain. *!'3!7272% Simultaneously, the eutectic structure is transformed into
Cu0 particles that precipitate on the Cu matrix across the surface. EDS analysis on annealed
sample was performed to determine the distribution of individual elements (Fig. 2.18). The
EDS mapping shows that copper has a uniform distribution on the surface, while oxygen is
concentrated at the black point. EDS identified the oxygen-richer point as the Cu,O

precipitate.
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Fig. 2.17 The microstructures of melted marks: (a) before annealing, (b) after annealing then

cooled in furnace, (c) air, and (d) water

Fig. 2.18 EDS mapping of annealed sample
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The microstructure of annealed specimens cooled down in the furnace, air, and
water is not noticeably different. The majority of the constituents are Cu,O particles
precipitating on a copper matrix within a single grain, as seen in the tiny black spots (Figs.
2.17(b-d)). The grain boundary can also be obviously noticed. The large black points
represent the gas porosities formed during the solidification process before annealing. The
difference in color between the bright and dark regions of the air and water-cooled samples
reflects the difference in crystal orientation for each grain. There are no dendrites observed
in the microstructure after heat treatment of all samples. Even though the difference in
cooling rates may not significantly impact the microstructure after annealing, as discussed in
the previous section, it does affect oxide cracking and Cu,O crystallite size. Moreover, the
fading of dendrites is a specific feature of the annealed samples, suggesting that the melted
mark on the copper wire was exposed to a fire for a particular time and temperature.
Therefore, the appearance of Cu dendrites in the microstructure of melted mark on the copper
wire may be used to explain the fire environment in the event of a fire.

In summary, the microstructures before heat treatment of melted mark on copper
solidified in the air and water were illustrated in Fig. 2.19. Both different solidified samples
have a (Cu+Cu0) eutectic structure, and Cu dendrites grow from the non-melting/melting
interface as their significant characteristics. However, the water-solidified sample has smaller

dendrite arm spacing and an oxygen-enriched area near the melted mark’s surface.
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Fig. 2.19 Schematic diagram of the final microstructure of melted mark solidified in (a) air,

and (b) water
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In comparison, the microstructures of melted mark on copper after heat treatment at
1000 °C for 10 mins and cooled in the furnace, air, and water were shown in Fig. 2.20. All
different cooled samples have no Cu dendrites, but columnar grains and Cu2O precipitates
exhibit in the microstructure as their typical features. A perfect oxide layer is found on the
sample cooled in the furnace. It is damaged entirely due to the rapid cooling rate as the sample

cooled in water.
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Fig. 2.20 Schematic diagram of the final microstructure of melted marks after annealing

then cooled in (a) furnace, (b) air, and (c) water
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2.4 Conclusions
The influence of solidification by air and water on the microstructure of the melted
mark on the copper wire was examined before heat treatment. Both solidification
microstructures were investigated for the following characteristics: dendrite growth, heat
conduction, microstructure characterization, and oxygen concentration. The following results
are achieved:
1. The cooling rate does not affect the dendrite growth for both cooling types due to
the rapid heat transfer to the long wire. The direction of dendrite growth is from the
non-meting/melting interface to the surface of the melted mark, and the
microstructure comprises Cu dendrites and the (Cu+Cu20) eutectic structure.
2. The oxygen concentrations in air-solidified and water-solidified specimens differ
significantly near the melted mark's surface. A higher oxygen concentration and
smaller SDAS are found for a high cooling rate in the water-solidified sample.
After heat treatment at 1000 °C for 10 mins and cooled down with different cooling types
(furnace, air, and water), the following characteristics were examined: surface morphology,
phase identification of oxide layer, crystallite size of oxide layer, and microstructure
characterization. The following outcomes are obtained:
1. The Cuz0 layer covered by the CuO scale is found on the outer surface of the
melted mark, a rapid cooling rate in water causes oxide layer cracking, and the size
of the CuO crystallites is small.
2. The Cu dendrites on microstructure of all annealed samples disappear after

annealing, and Cu,O precipitates distribute over the copper matrix.
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Chapter 3 Investigation of microstructure and oxide formations under various

annealing temperatures and times on the melted mark of copper wire

3.1 Introduction

Generally, copper has two major types of oxide: cuprous oxide (Cu2O, cuprite) and
cupric oxide (CuO, tenorite). When copper is oxidized in oxygen or air at high temperatures,
multiphase scales such as Cu20 and CuO form."? In particular, the oxide on the melted
mark’s surface of copper wire from short-circuiting formed in the fire ambient during fire
accidents is important to describe the fire behaviors. This scientific explanation provides
significant evidence that substantially impacts the reliability of fire judgments. However, the
fire investigation from the oxide and microstructure of melted marks on the copper wire has
received little attention. Thus, this study investigated the oxide layer and microstructure of

the melted mark on copper annealed at different temperatures and times.

3.1.1 Presence of CuO

The copper oxidation in air and oxygen at temperatures between 350 °C and 1000 °C
was studied by Park and Natesan.! CuO whiskers develop on the oxide surface at
temperatures below 750 °C. It was considered that condensation/evaporation, chemical-
vapor transport, and short-circuit diffusion at the whisker tips were proposed as mechanisms
for whisker growth. A single-phase scale of pure Cu2O forms when the reaction occurs at an

oxygen pressure lower than the dissociation pressure of CuO. When there is an increase in
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oxygen pressure greater than the dissociation pressure of CuO, a thin layer of CuO nucleates

on the scale surface.!

The presence of CuO whiskers at temperatures below 750 °C also was supported by
Wang et al.> They investigated the oxidation of pure copper in oxygen with or without water
vapor at an intermediate temperature range of 500 °C to 700 °C. It was concluded that CuO
whiskers were well developed and covered most of the outer oxide surface at 500 °C, whereas
fewer whiskers were observed at 600 °C and almost disappeared at 700 °C. It was discovered
that whiskers grown in oxygen with water vapor were longer and thinner than whiskers
grown in dried oxygen, implying that water vapor may have a tendency to produce whisker
growth. Moreover, it has been reported CuO whiskers develop at the tip of the whiskers due
to the breakdown of oxidant molecules and the further adsorption of oxygen on the tip of the
whiskers. Because H>O molecules are easier to break up than O2 molecules. As a result, the

growth of whiskers may be accelerated in water-containing environments.>

A change in Gibbs free energy is the driving force of the oxidation process at that
temperature. The Gibbs free energy (AG) for a chemical reaction is defined by a change in

enthalpy (AH), entropy (AS), and absolute temperature (T) as follows:
AG = AH - TAS (3.1)

When the absolute temperature T increases result in a decrease in AG. The reaction can occur
spontaneously only when the value of free energy (AG) becomes negative. Therefore, the
formation of oxide CuxO at room temperature during exposure of the copper to air indicates

that the value of G is negative for Cu20 formation. However, the oxidation process is mainly
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inhibited by the kinetics of oxygen diffusion through the oxide layer. As the temperature
rises, thermal energy helps to overcome the diffusion barrier, allowing oxidation to proceed.
Whereas the cupric oxide CuO phase begins to appear only above 320 °C reported by
Choudhary et al.? There was no trace of CuO formation below 320 °C, even after a long
oxidation period (20 hours) because diffusion kinetics play no role here. Hence, it is expected
that at lower temperatures, the AG value becomes positive in the case of CuO formation but
changes to a negative when the temperature is greater than 320 °C, allowing it to overcome
the chemical reaction barrier.? Raship et al.* also claimed that CuO phase can be observed at

450 °C annealing temperature.

According to Zhu et al.®, the CuO scale is protective, and there should be no vacancies
in CuO for fast atomic transport in the temperature range of 600 °C to 1050 °C. As a result,
lattice diffusion in CuO should be more difficult. For copper oxidation, the CuO scale formed
on CuyO layer grows extremely slowly compared to the Cu;O scale and then almost

maintains a constant thickness for long periods of time.’

Thus, from the above literature reviews regarding the presence of CuO can be
summarized that CuO phase nucleated on Cu0O can be found at the temperature range about
320 °C to 450 °C, whereas CuO whiskers are observed at 500 °C to 750 °C. However, the
limiting temperature for CuO removal from the CuzO layer was determined to be 1041 °C.

reported by Musa et al.®
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3.1.2 Presence of Cu20

The Cu—O phase diagram contains both CuO and Cu>O phases which may form
during oxidation.”"!° From thermodynamic, when the ambient oxygen partial pressure (Po2)
is higher than the dissociation pressure (Po2-dis) of the oxide in equilibrium, oxides form as

in following reactions.!!:!2

2Cu +-0; =Cu0 AGo = -122 kJ/mol (3.2)

Cu+50:; =Cu AGo = -99 kJ/mol (3.3)

Where Gy is the Gibbs free energy change of the reaction at 400 °C. From the Gibbs free
energy values, CuO is probably formed initially. Further oxidation on the surface of the

Cu,0 particles is possible and can be explained as

Cw0 + 20, =2Cu0 AGo = -76 kJ/mol (3.4)

Thus, a thin layer of CuO is then form on the Cu,O layer.!":1?

The copper oxidation can occur via outward diffusion of copper ions along copper
vacancies in the oxide scale because the Cu vacancies are major defects in the Cu,O. The
Cu0 grows predominantly due to the transport of Cu®* ions through the cation vacant sites.
While atomic transport in CuO is very slow because CuO does not have vacancies available

for the fast transport of atoms. !>
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Choudhary et al.? presented that at room temperature, the spontaneous formation of
a very thin oxide layer on a copper is quite visible when it is exposed to air. Following that,
the oxide layer becomes a barrier to further oxidation of the copper, limiting oxygen molecule
diffusion through it. As a result, further oxidation of the copper at room temperature is
prevented. Nevertheless, at around 150 °C, thermal energy begins to overcome the diffusion
barrier, allowing further oxidation of the copper to begin. However, a well-ordered crystalline
phase of Cu0 is only noticed above 200 °C.2

The influence of annealing temperature on copper oxide films was investigated by
Raship et al.* The results found that the Cu,O phase can be obtained at 200 °C annealing
temperature. Films annealed at 300 °C had a combination phase of CuO and Cu,O phases,

while the CuO phase can be observed at an annealing temperature of 450 °C.

3.1.3 Activation energy

Several studies on the oxidation of copper at various temperatures have been
conducted. A typical Arrhenius plot of the parabolic oxidation rate constants (kp), as
calculated from mass gain data gives the activation energy for the double-layer formation
(Cu20 + CuO). The activation energies reported by various researchers differ considerably,

as represented in table 3.1.
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Table 3.1 Activation energy of copper oxidation reported in the literatures

Reference Type of  Conditions Oxidation Temperature Activation Diffusion process
copper rate law Range (°C) energies
(kJ/mol)
Park and 99.999% (1 atm O,  Parabolic 750 to 1040 172 Lattice
Natesan' or air) 450 to 750 84 Grain
boundary+Whisker
350 to 450 223 Whisker+surface
Zhuetal.®  99.99% to 350 °C - Parabolic 900 to 1050 98* Lattice
>99.9999% 1050 °C 173
0.1 MPa 600 to 850 93to 111 Lattice+Grain
boundary

350 to 500 40 to 52 Grain boundary

Sartell and 99.999% 1 atm O2 - 660 to 937 179 -
Li'

Valensi'® OFHC 1 atm O, - 300 to 550 84 -

- 550 to 900 158 -

Tylecote's OFHC Air - 300 to 500 39 -

600 to 900 123 -

Wang et 99.99% 1 atm O, Parabolic 500 to 700 90.67 Lattice

al®

*For single layer of CuxO
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Park and Natesan' proposed that the temperature dependence of the oxidation rates
can be divided into three different processes for the oxidation of copper: lattice diffusion,
grain boundary diffusion, and surface diffusion with whisker growth; these happen at high,
intermediate, and low temperatures, respectively. The oxidation kinetic followed the

parabolic rate law for all processes.

At high temperatures, the large size of CuO grain grows predominantly. The
calculated activation energy from the slope of the plot between log k, and the reciprocal
temperature was 172 kJ/mol. This double-layer (Cu2O + CuO) formation was implied to rate-
determining step for the lattice diffusion in Cu20O. The activation energy at high temperatures
range of 173 kJ/mol reported by Zhu et al.!® also is consistent with Park and Natesan. For the
single-layer formation of CuxO, the activation governed by lattice diffusion was only 98
kJ/mol. The difference in activation energy of 75 kJ/mol governed by lattice diffusion
between the double and single-layer formations supports a (Pp,)*/*-dependence of the

parabolic rate constant related to the diffusion of neutral copper vacancies in Cu,0.'>!”

At intermediate temperatures, a decrease in temperature occurs. The CuxO scale is
still dominant, it obeys the parabolic rate law. The reduction in activation energy is most
likely due to the contribution of grain boundary diffusion, which is the significant decrease
in the Cu0 grain mean size. The activation energy values of 84 kJ/mol at 450 °C to 750 °C
from Park and Natesan', and 93 to 111 kJ/mol at 600 °C to 850 °C from Zhu et al.'* might
contribute from grain boundary diffusion + whisker, and the lattice diffusion + grain

boundary diffusion, respectively. Grain-boundary transport or a short-circuiting process
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produces activation energy of 84 kJ/mol, and some tiny whiskers nucleate on the oxide

surface.

At low temperatures, whisker formation on the surface was the rate-limiting process,
and surface diffusion was responsible for this temperature range, with Park and Natesan'
reporting a high activation energy of 223 kJ/mol. On the other hand, the calculated activation
energy by Zhu et al.'® is significantly difference. Only 40 kJ/mol to 52 kJ/mol is the

1.2 informed that diffusion

contribution from grain boundary diffusion. Moreover, Lee et a
along the boundaries of the CuO grains was responsible for the oxidation at a temperature

below 300 °C. However, the oxidation of copper at low temperature and the reasons for a

change in activation energy with decreasing temperature remains unclear.

To summarize, the CuxO scale grows predominantly by lattice diffusion over the
entire temperature range of 300 °C to 1050 °C, and the rate-determining step is implied to be
the outward diffusion of copper atoms in CuxO. The lattice diffusion controls the copper
oxidation at high temperatures. The contribution of grain boundary diffusion to copper
oxidation is mainly identified at intermediate temperatures, and either surface diffusion with
whisker growth or lattice diffusion. At low temperatures, copper oxidation is contributed

from surface diffusion with whisker growth or grain boundary diffusion.

Furthermore, the effect of impurity on copper oxidation was investigated by Zhu et
al.'® The high-temperature range of lattice diffusion is wider for high purity copper. However,
the impurities seem not to affect high-temperature copper oxidation. The copper oxidation is

enhanced in the intermediate temperature range because trace impurities impede the lateral
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growth of Cuz0 grains, allowing grain boundary diffusion. The higher activation energy at
low temperatures for lower-purity copper should be because grain boundary diffusion is

impeded at low temperature by impurities segregated at grain boundaries.

3.1.4 Objective of the study

Because of the variety of fire behaviors discovered in the fire event,'® the evolution of the
microstructure and oxide layer on the melted mark of copper wire in various fire
environments is important in fire investigation. In particular, the effect of annealing
temperature and annealing time on the microstructure and oxide layer of the melted mark on
the copper wire after heat treatment has not been extensively researched. Therefore, this study
investigated the microstructure and typical oxide layer of PMM after annealing at different

annealing temperatures and times.

80



3.2 Materials and methods

The commercial single core copper wires (99.95 wt% Cu) of 25 mm in length and 2.6
mm in diameter have been used in the experiment. Because the short-circuiting occurs at the
point where the PVC insulated copper wire is damaged, the PVC insulation was peeled off
prior to simulating short-circuiting. An arc welding machine was used to imitate the short-
circuiting on the tip of copper wire with rapid melting and sudden solidifying in the air (Fig.

3.1). The “melted mark™ on copper wire obtained after melting by the arc welding machine.

\V:

— SR — =

Copper wire
(Sample)

25 mm

—
2.6 mm

Power Source

Fig. 3.1 Schematic diagram for copper wire melting by arc welding machine

In order to simulate the fire ambient, the melted mark on copper wire was annealed
in the furnace under various heat treatment parameters as shown in table 3.2 and cooled

down in the furnace to room temperature.
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Table 3.2 Heat treatment conditions on melted mark of copper wire

Temperature (°C) Annealing time

1000 0 min 20 mins 60 mins 120 mins
800 0 hr 1 hr 2 hrs 4 hrs

600 0 hr 1 hr 2 hrs 4 hrs

400 0 hr 2 hrs 4 hrs 8 hrs

220 0 hr 2 hrs 4 hrs 8 hrs

All unannealed speimens were mounted with conductive resin (Technovit) and
longitudinal cut to observe the microstructure in the longitudinal section. Then, they were
ground with sandpaper from #500 to #4000 and further mirror-polished by a diamond paste
of 0.1 pm. The alcohol was used to clean the samples in an ultrasonic bath after grinding and
polishing. Previous to using an optical microscope to examine the microstructures, all
samples were further etched for a few minutes with a solution of 10 g FeCls, 30 ml HCI, and

120 ml distilled water.'®2!

The surface morphology and chemical composition of all specimens were examined
by Scanning electron microscope (SEM) of HITACHI SU3500 attached Energy dispersive

X-ray spectroscopy (EDS).

The phase identification of the oxide layer on melted mark was conducted by X-ray

diffraction (XRD) of Rigaku, RINT-2100 under 40kV/4mA and CuKa radiation at 0.1540
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nm wavelength. Data was collected in the range 26 of 20 to 80 degrees with 0.02 degree

steps.

3.3 Results and discussions

The results and discussions in this chapter are divided into four main sections,
including temperature dependence, change in oxide layer thickness, calculation of activation

energy, and observations on microstructure characterization.

3.3.1 Temperature dependence

The melted marks generated by arc welding machine and annealed in the furnace at
400 °C, 600 °C, 800 °C, 1000 °C for 2 hours were examined temperature dependence for the
following characteristics: evolution of surface morphology, phase transformation of oxide

layer, and temperature effect on CuzO crystallite size.

3.3.1.1 Evolution of surface morphology

At first, the influence of the annealing temperature on the evolution of the surface
morphology of the melted mark on the copper wire was studied. The surface micrographs of
melted marks on copper wire annealed at temperatures of (a) 1000 °C, (b) 800 °C, (c) 600 °C,

and (d) 400 °C for two hours were taken by SEM, as illustrated in Fig.3.2.
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. EDS Quantitative Results
|EDS Quantitative Results ok Element wts ats
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Fig. 3.2 Oxide evolution on melted mark of copper wire at annealing temperature of (a)

1000 °C (b) 800 °C (c) 600 °C (d) 400 °C. (e) and (f) show EDS spectrum of ()
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At 1000 °C, the dark depression can be observed inside grains surrounded by strong
boundaries at their grain boundaries with a bright tone. Both inside grain (pointl) and grain
boundary (point2) were elementally analyzed by EDS (Fig. 3.2(e) and (f)). The amount of
copper and oxygen elements at a ratio of 1:1 was identified by EDS as shown in the EDS
quantitative results of point 1, matching the quantity of copper and oxygen in CuO.
Meanwhile, in the grains themselves (point 2), the copper and oxygen concentrations at the
grain boundary are equivalent to the percentages of copper and oxygen in Cu2O. As a result,
the characteristic surface morphology of melted marks after annealing at 1000 °C is the Cu2O

grains encompassed by the CuO at the grain boundary.

At 800 °C, there is a smaller oxide grain size than 1000 °C, along with a uniform

covering of the CuO scale on the Cu,0 layer at the outer surface.

At 600 °C, the presence of CuzO at the inner oxide (point 2) and CuO whiskers (point
1) randomly formed on the Cu,O surface were indicated by the EDS, as revealed in Fig. 3.3.
It has been published that CuO whiskers form on Cu2O and grow primarily by surface
diffusion caused by the breakup of adsorbed oxygen, which is attributed to the presence of

water vapor.>’

At 400 °C, the surface is not flat with slightly covered by CuO and whiskers cannot

observe at this temperature.
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Point 1 Point 2
EDS Quantitative Results EDS Quantitative Results
Element Wt% Ats Element Wt% AtS%

OK 19.11(48.41 OK 9.45/29.31
CuL 80.89|51.59 CuL 90.55(70.69

Fig. 3.3 Analysis of element on the surface of melted mark annealed at 600 °C (a).

(b) and (c) are the EDS spectrums at point 1 and 2, respectively.

The above results can be described in the following profound way. The surface of the
melted mark annealed at 1000 °C exhibits the larger oxide grain because there is sufficient
diffusion activation energy to transport atoms at a high temperature; the crystal lattices are
occupied by the transported atoms and encourage the small grains by grain boundary

diffusion, which is caused in larger grains.* The CuO whiskers form at random on the Cu2O
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layer for the melted mark annealed at 600 °C. The surface diffusion through the overgrowth
at their tips from screw dislocation arising on the metal surface due to the breaking of the

absorbed oxygen was identified as the development of whiskers on Cu,0.!

It can be seen that the surface morphology of copper oxide on the melted mark of
copper wire evolved with distinct characteristics depending on the annealing temperature.
Therefore, each typical morphology under different annealing temperatures is expected to

assist in clarifying fire behaviors and determining the origin of the fire accident.

In addition, the phase transformation of copper oxide on the melted mark of copper
wire was identified by XRD to confirm the presence of the copper oxides, as discussed

further below.

3.3.1.2 Phase transformation of oxide layer

To confirm the existence of copper oxide phases, XRD analysis of copper oxide
collected from the surface of the melted marks has been performed. The XRD patterns of
melted marks annealed in the furnace at 1000 °C, 800 °C, 600 °C, and 400 °C for 2 hours are
illustrated in Fig. 3.4. The diffraction peaks centered at 20 = 29.42, 36.29, 42.16, 61.27,
73.40, and 77.27 degrees are attributed to the (110), (111), (200), (220), (311), and (220)
reflection planes of Cu,0, respectively. These peaks agree well with the Cu,O powder from
JCPDS file no. 00-002-1067, confirming the existence of CuO for all heat treatment

temperatures.
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Fig. 3.4 XRD patterns of copper oxide on melted mark of copper wire annealed at different

The oxidation mechanism is explained by the fact that copper atoms interact with
oxygen atoms to form Cu,0, a reaction known as: 2Cu + %> O, — Cu20.* A high annealing

temperature accelerates the diffusion of oxygen or copper into each other, the formation of

At low temperatures of 400 °C and 600 °C, the additional peaks centered at 20 =
35.44, 38.58, 48.74, 58.21, 66.36, and 68.08 degrees start to appear. These diffraction peak
positions can be attributed to (002), (111), (-202), (202), (022), and (113) CuO planes

(JCPDS file no. 00-002-1040) which indicating the existence of of CuO. Because there is a



small amount of original Cu>O that oxidizes to CuO via the reaction: 2Cu,0 + O, — 4Cu0O.*
On the other hand, at high temperature of 1000 °C, CuO growth on the Cu»O layer is
extremely limited because CuO has low atomic transport due to the lack of vacancies in CuO
for quick atomic transport.! Accordingly, a small amount of CuO in comparison to Cu20
results in an unnoticeable amount of CuO by XRD. As annealing temperature decreases to
800 °C, CuO phase begins to occur and the XRD pattern shows an additional small peak at
20 = 35.44 and 38.58 which agree well with (002) and (111) planes of CuO, respectively

because of the small original Cu20 oxidizing into CuO due to instability at this temperature.

According to the XRD patterns at 600 °C and 400 °C, a mixture of Cu20O and CuO
phases were discovered on the oxide surface of the melted marks. Because of the low
temperature, the CuO is not completely oxidized; it becomes unstable and eventually

oxidizes into the CuO phase.!*!!

In summary, the oxide layer on the melted mark of copper after heat treatment at
1000 °C and 800 °C predominantly consists of the Cu20O phase. In contrast, a mixture of Cu0

and few amounts of CuO phase appear at annealing temperatures of 600 °C and 400 °C.
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3.3.1.3 Temperature effect on Cu20 crystallite size

Moreover, the crystallite size of Cu2O can be estimated from the broadened peaks in

the XRD patterns by using the Debye-Scherrer formula: 424

D=094/ fcosb (3.5)

Here, D is crystallite diameter dimension, A is X-Ray wavelength (0.1541 nm),  is FWHM
(Full width at half maximum) and 0 is the diffraction angle. The broadened major peak

located at 26 = 36.29 was used to determine the crystallite sizes of all samples.

50
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Fig. 3.5 The relationship between CuzO crystallite size and annealing temperature
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The relationship between CuxO crystallite size and annealing temperature is depicted
in Fig. 3.5. There is an increase in CuzO crystallite from 30 nm to 47 nm at heat treatment
temperatures between 400 °C to 1000 °C. As the temperature increases, the plane of atoms is
distanced, resulting in the Cu,O crystallite being formed larger. It can be seen that the
determination of the CuzO crystallite size from the broadened peaks in the XRD patterns
using the Debye-Scherrer formula might help fire investigators evaluate the fire temperature

during a fire accident to find the source of the fire.

3.3.2 Change in oxide layer thickness

The thickness of the copper oxide layer was measured on the melted mark's surface
after heat treatment at different times and temperatures, as shown in Fig. 3.6. As discussed
previously, CuO is slightly nucleated on the Cu,O layer and thus cannot be seen after
mounting and polishing with an optical microscope. Hence, the measurement of the CuO
thickness for each sample is impossible, while the CuxO layer is obviously visible on the
copper melted mark. Accordingly, Cu,O layers were determined on the melted mark’s

surface for all annealing conditions.
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Fig. 3.6 The Cuz0 layer thickness at various annealing times and temperatures
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The plot of CuxO layer thickness and annealing time at various annealing
temperatures is displayed in Fig. 3.7. At low temperatures of 220 °C and 400 °C, the Cu2O
thickness almost remains unchanged at around 8.8 um with annealing time, whereas at

600 °C, the thickness moderately increases.

= 1000 °C
® 300 °C
A 600 °C
v 400 °C
¢ 220°C

Time (hr)

Fig. 3.7 The plot of CuzO layer thickness and annealing time

At high temperatures of 800 °C and 1000 °C, there is a substantial change. The
thickness increases rapidly in an early phase of oxidation and then slowly in a later phase.
The diffusion-controlling process can be used to describe this phenomenon. At the early
phase of oxidation, the oxide layer is extremely thin. Accordingly, the required time for either

outward copper diffusion or inward oxygen diffusion is much shorter than the
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required timeframe for the chemical reaction that produces Cu2O. As a result, a faster growth
rate in the Cu20 is expected to be a reaction-limited growth regime in this early phase. As the
oxide CuzO layer becomes thickened, the diffusion timeframe through the thick oxide layer
outpaces the reaction timeframe. Hence, the rate of oxidation slows down and is predicted to

be a diffusion-limited growth regime at the later phase.’

Besides, the annealing temperature represents a greater influence than the annealing
time. An increase in annealing temperature mainly increases the CuzO thickness; there is a
rapid increase in CuzO thickness with temperature. At 220 °C and 400 °C, the Cu0 layer is
extremely thin because the formation of CuzO is limited due to the low temperature. Then,
Cuz0 gradually grows and slowly oxidizes into CuO. At intermediate temperatures, the Cu,0
thickness rises, and either copper or oxygen cannot easily diffuse to react with each other at
the copper/oxygen interface. Then, Cu20O turns unstable and fully oxidizes into CuO, as
indicated in SEM and XRD results. At 1000 °C, the Cu,O grows predominantly due

to stability in thermodynamics and rarely oxidizes into CuO.?

Additionally, the linear relationships are obtained from the plot of the Cu,O thickness
and the square root of annealing time, as shown in Fig. 3.8, indicating that a diffusional
process controls the oxidations at 1000 °C, 800 °C, 600 °C, 400 °C, and 220 °C.!?
Furthermore, Cu20 growth from 220 °C to 1000 °C follows the parabolic rate law, which

agrees with the finding of Zhu et al."
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Fig. 3.8 The variation of Cu,0 layer thickness with the square root of annealing time at

different temperatures

The slope of the parabolic plot can be used to calculate the parabolic rate constant
(kp) or diffusion rate constant. The calculated parabolic rate constant values are 20.4 um?/s,
5.8 um?/s, 0.13 um?/s, 6.12x10* um?*s, and 1x10* um?*/s at 1000 °C, 800 °C, 600 °C, 400 °C,
and 220 °C, respectively. The ability of the oxygen and copper atoms to diffuse through the
copper oxide layer and meet each other is controlled by these rates. Because it takes more
time for the copper and oxygen atoms to migrate through as the thickness increases, the
oxidation rate is controlled by the diffusion rate. Besides that, the parabolic rate constant at

1.12

220 °C is equivalent to a rate of 1x10™* um?/s, as published by Lee et al.'> Therefore, a
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significant change in CuzO layer thickness of melted marks on the copper wire is expected

to describe fire behaviors in order to identify the origin of the fire accident.
3.3.3 Calculation of activation energy

As described previously, increased Cu20 thickness and oxidation rate are mainly
caused by increasing the annealing temperature. Consequently, the calculated parabolic rate
constant (kp) must be adjustable for temperature influences to explain the oxidation
mechanism. Accordingly, the influence of annealing temperature on the parabolic rate

constant may reasonably be described by the Arrhenius expression in equation (3.6)*°

ko= Ae~ &) (3.6)

Where, k, is parabolic rate constant (um?/s), Q is the activation energy (J), T is temperature

(K), R is the gas constant (8.314 J/mol K), and A is pre-exponential constant (um?/s).

Arrhenius plot of the parabolic rate constants from 220 °C to 1000 °C for copper
oxidation in the air is presented in Fig. 3.9. The plot is roughly classified into two zones: a
high-temperature zone (400 °C to 1000 °C), and a low-temperature zone (220 °C to 400 °C).
The activation energy can be calculated from the slope of log k; vs. reciprocal-temperature
plot. From the calculation, the activation energy of 127 kJ is gained at high-temperature
range. At low-temperature range, the calculated activation energy is 28 kJ. Surprisingly, the
temperature dependence closely resembles the outcomes presented in the literature.>’ At
temperatures ranging from 600 °C to 900 °C and 300 °C to 500 °C, Tylecote'® reported Q

values of 123 kJ and 39 kJ, respectively. According to the correspondence of the oxidation
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activation energy with other literature, it might be claimed that diffusion in the CuO over a

wide temperature range is the rate-determining step which is implied as to the movement of

0) 1,13,26

copper atoms outward in Cuz

6 8 10 12 14 16 18 20 22
104T (K

Fig. 3.9 Arrhenius plot of the logarithmic parabolic rate constants from 220 °C to 1000 °C

for copper oxidation in the air.

For further understanding, the diffusion rates of the lattice, grain boundary, and the
surface are classified by the diffusion coefficients accompanying activation energy Qi, Qgp,
and Qs, where Qi > Qg > Qs.2” It was believed that lattice diffusion might contribute to the
oxidation of CuxO over the broader temperature range of 400 °C to 1000 °C because of higher
activation energy. In contrast, copper oxidation at a low-temperature range between 220 °C

and 400 °C may result from grain boundary diffusion due to lower activation energy."!?
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Additionally, surface diffusion has lower activation energy than lattice diffusion, so
growth related to screw dislocation might result in whisker growth by surface diffusion at
600 °C. Alternatively, the development of lateral lattice diffusion is enhanced as the

temperature rises, and oxide growth produces flatter morphologies such as pyramids.?’

3.3.4 Observation on microstructure characterization

The microstructure characterization of melted marks on copper wire after annealing
under various annealing temperatures and times are demonstrated in Fig. 3.10. It can be
clearly seen that the microstructures evolve from low to high temperatures. At low
temperatures (400 °C to 600 °C), a dendritic structure can be observed, but it gradually fades
at high temperatures of 800 °C and 1000 °C. The mechanism behind this microstructural
evolution is discussed following. As the melted mark was rapidly melted by arc welding
machine and suddenly solidified in the atmosphere before heat treatment. During
solidification, when the temperature of liquid copper is less than the melting point of 1083 °C,
copper atoms nucleate at the interface between the non-melting and melting zones on copper
wire. Then, they grow from the interface to surface of the melted mark to form copper
dendrites. At the same time, oxygen atoms are pushed away from dendrite tips to liquid,
creating oxygen richer solutions that eventually form eutectic composition solutions. Then,
the eutectic composition solution rejected by dendrite tips solidifies into a (Cu+Cu0)
eutectic structure when the temperature falls below the eutectic temperature (1065 °C).
Therefore, the final microstructure of melted mark on copper wire before heat treatment

comprises copper dendrites surrounded by (Cu+Cu20) eutectic structure.®’
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Fig. 3.10 Microstructure characterization of melted marks on copper wire after annealing

under various heat treatment conditions
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After annealing at 400°C with various annealing times, the microstructure remains
similar to the microstructure before heat treatment, in which Cu dendrites and (Cu+Cu20)
eutectic can be observed at all annealing times. Regardless, the darker tone on the Cu
dendrites begins to occur after heat treatment at 4 and 8 hours. It was believed that small
Cuz0 particles start to precipitate on the Cu dendrites for a longer period during the
annealing process. After increasing the annealing temperature to 600°C, the Cu dendrites are
still noticeable for all annealing times, but Cu>O is more precipitated on the Cu dendrites.
Interestingly, the Cu dendrites fade away after annealing at 800 °C for more than one hour
and at 1000 °C for all annealing times. It can still observe the Cu dendrites for an unannealed
microstructure at 800 °C because the annealing time is insufficient to dissolve the Cu

dendrites completely, but they disappear after.

After annealing at high temperature, Cu dendrites fade away entirely due to Cu
dendrites with high curvature must minimize their surface energy to achieve more
thermodynamic stability, this is well known in the ripening phenomenon. The Cu dendrites
are dissolved by the interdendritic liquid during heat treatment, and then they redistribute
within a single grain.?®! Simultaneously, the eutectic structure is transformed into Cu,O
particles that precipitate on the Cu matrix across the surface. Moreover, the grain boundary
can also be obviously noticed. The different colors split by the grain boundary on the
microstructure after annealing, such as at 1000 °C, 120 minutes, reflect the difference in

crystal orientation for each grain.

100



Consequently, the final microstructure of melted mark annealed at 800 °C to 1000 °C

is the columnar grain structure with CuO precipitates.

To summarize, Cu dendrites surrounded by (Cu+Cux0) eutectic structure under both
Cu20 and CuO is the characteristic microstructure of the melted mark on the copper wire
after annealing at 400 °C to 600 °C, as demonstrated in Fig. 3.11(a). The fingerprint feature
of the melted mark after heat treatment at 800 °C to 1000 °C is columnar grain structure with
Cu,0 precipitates and no dendrites beneath Cu,O layer (Fig. 3.11(b)).
@)
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Fig. 3.11 The final microstructure of melted mark on copper wire after heat treatment at (a)

400 °C to 600 °C and (b) 800 °C to 1000 °C.
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As a result, the copper oxide and microstructural evolution at various annealing
conditions may be used to explain the fire behaviours. It is a fact that the PMM should be in
more prolonged fire surroundings as well as have a higher fire temperature than other melted
marks due to its being created before a fire. Therefore, the last structure should be similar to
the microstructure of the high heat treatment temperature: a grain structure with CuxO
precipitates and no dendrites beneath Cu>O layer. However, the copper oxide and
microstructural evolution on the melted mark of copper wire at different heat treatment
conditions are inadequate to discriminate PMM from other melted marks. This is because the

melted mark at high temperatures may be caused by the most fuels in the most damaged area.
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3.4 Conclusions

The effect of annealing temperatures and times on the copper oxide and
microstructural evolution of the melted mark on the copper wire was examined for the
following characteristics: temperature dependence, change in oxide layer thickness,
calculation of activation energy, and observations on microstructure characterization. The

following results are achieved:

1. The surface morphology evolves with the annealing temperature. At 1000 °C, the
large Cu2O grains are encircled by the slight CuO scale at their grain boundary

and reduce in grain size at 800 °C, while at 600 °C, the CuO whiskers are formed.

2. A mixture of Cu2O and CuO phases is found at 400 °C and 600 °C, whereas only

the Cu20O phase is discovered at 800°C and 1000°C.

3. The thickness of the Cu,O layer becomes thicker by increasing annealing
temperature and time, which follows the parabolic rate law. The diffusion
processes accountable for CuxO growth are lattice diffusion at 220 °C to 400 °C

and grain boundary diffusion at 400 °C to 1000 °C.

4. The microstructure of melted mark annealed at 400 °C and 600 °C is a dendritic
structure, while at 800 °C to 1000 °C is a columnar grain structure with Cu20

precipitates.
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Chapter 4 Establishing the metallurgical examination method and method validating

by using the melted mark from real fire scenes

4.1 Introduction

At present, fire investigation from the melted mark on the copper wire by the
metallurgical examination method has rarely been published. This may be because research
on the melted mark of copper wire cannot be comprehensive enough to understand all the
fire behaviors due to the complexity and diversity of fire behaviors that have been discovered
in fire accidents.! In Japan, the National Institute of Technology and Evaluation (NITE) was
disclosed the Manual for investigating the cause of fire accidents in home appliances 2010.
They discriminated PMM and SMM by estimating the surrounding temperature during short-
circuiting from the “dendrite arm spacing” (DAS) method and the “cell size” (CS) method,

as presented in Fig. 1.12.

The estimation of surrounding temperature during short-circuiting by comparing the
oxygen concentration in the oxidized structure with the reference dendrite arm spacing
(DAS) table was reported by Lee et al.> It became clear that the atmospheric temperature at
the time of melted mark formation can discriminate between primary melted mark (PMM)
and secondary melted mark (SMM). Because the PMM can be formed at about 400 °C or
less, the oxygen concentration in the oxidized structure ranges from 0.05 wt% to 0.16 wt%,
while the SMM can be made at about 600 °C or more, and the oxygen concentration of 0.05

wt% to 0.26 wt% contains in the oxidized structure, as depicted in Fig. 4.1.

108



S
w

< ¢ Primary molten mark .
% 0.25 |mSecondary molten mark n
S 02 . i
g ‘ .
Soaspe , * e . -
3 °

= L 2 . n

S 01 ¢

g O &t

2 o *

S 0.05 ¢ 0 u -

0 200 400 600 800 1000 1200

Presumed surrounding temperature (°C)

Fig. 4.1 Relationship between presumed surrounding temperature and oxygen

concentration’

Moreover, they prepared the experimental PMM and SMM to verify the matching of
surrounding temperature between the experiment and the reference DAS table. The estimated
temperature values by DAS and oxygen concentration measuring were all below 400 °C, but
most are higher than the reference temperature (25 °C).3

The non-melting solid copper wire under different heat treatment and cooling
conditions was carried out by Wei et al.*> The image processing software was used to
evaluate the grain size. They found that the average grain size of copper after annealing
increases with increasing temperature and time. Additionally, when the copper wires were

cooled by water, in the air, and in the furnace, the particle size increased by followed.*?
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M. Di et al.® studied the contents of elements on melted marks of the copper
conductor formed by short-circuiting in a normal atmosphere and fire environment by using
SEM/EDS and Auger electron spectrometer (AES). The results represented that the
composition of melted mark on the copper wire between in normal atmosphere and a fire
environment is obviously different such as copper, carbon, and oxygen. It is possible to

distinguish the melted marks generated before the fire or after the fire.

Liu et al. explored the relationships of primary spacing of dendrites (A) and various
wire diameters (D) on the melted mark of solid copper wire simulated by the short-circuiting
at ambient atmosphere. The primary spacing of dendrites which is proportional to the wire
diameter was obtained. Moreover, the microstructure of the melted mark was investigated.
One of their investigations is the dendrite growth direction. The primary dendrites of copper
grow parallel to another one and opposite to heat flow. The characteristic microstructure of
melted mark consists of the cuprous oxide surface layer covering constituents of Cu-dendrites

and Cu-Cu,O eutectic structure.”

Lee et al.? researched the differences of properties in external characteristic, cavities
and metallographic structures of the primary melted mark (PMM) and secondary melted
mark (SMM) performed under the several different conditions. They concluded the
followings. 1. There is no relationship between grain size and the cooling condition, but the
grain size only depends on the temperature. Thus, it is pointless to use the grain size to

characterize PMM from SMM. 2. PMM and SMM cannot discriminate by external features
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and cavity distribution. 3. The oxidation structure is not only formed before short-circuiting

but also after short-circuiting by absorption of ambient oxygen.

From literature reviews, the actual surrounding temperature during short-circuiting
seems impossible to obtain because the estimated temperature is very different from the
reality. Besides, if the estimated ambient temperature ranges between 400 °C to 600 °C, it

may not distinguish between PMM and SMM.

4.2 Objectives of this chapter

The fire investigation method on the melted mark of copper wire by metallurgical
technique remains unclear. Thus, the objectives of the research presented in this chapter are:
the first aim is to establish a metallurgical examination method for melted marks on the
copper wire formed in a fire accident by referring to the solidification microstructure and
oxide evolution in chapters 2 and 3 to describe the fire behavior. The second objective is to
validate the method by examining real melted marks on copper wires collected from an actual

fire scene in Thailand using our established metallurgical examination method.
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4.3 Establishing the metallurgical examination method

The experimental results in Chapters 2 and 3 were summarized to establish a
metallurgical examination method for the melted marks on the copper wire formed in a fire
accident to describe the fire behavior. Because the melted marks on copper wires created by
the arc welding machine in Chapters 2 and 3 have rapid heating and rapid solidification in
the air, they were assumed to be PMMs. The SMM could not be created in this research
because of the limitation of the experiment. It is difficult to simulate the SMM by the arc
welding machine inside the electric furnace while the furnace is operating simultaneously.
Moreover, the fire melted mark (FMM), which is thermal damage along a conductor wire
resulting from a flame burning, may not validate with this method. Thus, this method
validates for PMM only. As stated in Chapter 1, PMM is a primary melted mark created from
the first short circuiting that caused the fire. As a result, in addition to explaining the behavior
of fire, it may also identify the origin of fire by examining the PMM. Indeed, we do not know
which of the melted marks collected from the actual fire scene is the PMM, SMM, or FMM,
but we need to know which is the PMM in order to identify the origin of the fire. Therefore,
this method was established according to the microstructure and oxide investigation of PMM

in the two previous chapters.

The analysis procedure was divided into many stages depending on the observed
structure. The main stages are surface morphology observation by SEM/EDS, oxide layer

investigation, and microstructure observation, as shown in Fig. 4.2.
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The following is a method description for metallurgical examination of the melted

marks on the copper wire at each stage.
1. Appearance observation

The general exterior appearance of a melted mark on the copper wire should be
inspected first, including wire types, wire diameter, the boundary between unmelted/melted
interface, localized point of contact, round shape or visible effect from gravity, etc. The sharp
boundary between the unmelted/melted interface with a round shape and a localized point of

contact are the typical characteristic of EMM.!°
2. Surface morphology observation by SEM/EDS (From chapters 2 and 3)

After appearance observation, the surface morphology of the melted mark on the
copper wire should be examined by SEM/EDS. As discussed in Chapter 2, the oxide layer
covering the melted mark was broken when it was cooled down with a high cooling rate,
such as water, because of the difference in thermal expansion. Nevertheless, it remained at
the melted mark for the furnace cooling case. Moreover, Cu,O grains surrounded by CuO
scale at their grain boundary as well as CuO whiskers were observed after heat treatment, as
discussed in Chapter 3. However, the samples from real fire scenes may not show the perfect
oxide morphology due to the damage from fire events and contamination. Thus, this stage is
the initial examination to determine which elements are on the surface of the melted mark.
Two major elements have to know elemental content: copper and oxygen. The oxygen
content should be highest on the copper oxide layer covering the outer surface and least inside

the melted mark. In comparison, the copper content is the opposite. Therefore, the EDS
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analysis should be performed from the inside layer to the outer layer of the melted mark.
Furthermore, the other elements from the contamination should also be reported to know that

each melted mark is collected from the same area or the same surrounding material or not.
3. Oxide layer investigation (From chapter 3)

When copper is oxidized in oxygen or air at high temperatures, multiphase scales
such as Cu20 and CuO form.'"'? However, the oxide layer may completely cracked and
leaving the melted mark's outer surface or that sample has no oxide. Thus, if oxide cannot be
observed, the microstructure observation is the next stage. On the other hand, if oxide can be

observed, the examination should be performed following steps.
3.1 Phase identification by XRD (From chapter 3)

To know the oxide phase, the trace of oxide leaving from melted mark's outer surface
is crushed to be a power before XRD testing. Please noted that, the melted mark will be
measured oxide layer thickness after longitudinal cutting and polishing. Thus, oxide collected
for phase identification by XRD should be carried out carefully. From the experimental
results about phase appearance of copper oxide in chapter 3, it can suggest the annealing
temperature, which is helpful to point out what fire temperature the melted mark had been

before. The copper oxide detected by XRD is classified into two categories following.

3.1.1 If Cu20 and CuO are detected => fire temperature is 400 °C to 600 °C
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If a mixture of Cu,0 and CuO is observed in the XRD pattern, it means the copper oxide was
annealed at temperatures of 400 °C - 600 °C. This indicates that the fire temperature of the

melted mark on copper is between 400 °C and 600 °C.

3.1.2 If Cu0 is detected > fire temperature is 800 °C to 1000 °C

If only Cu20 is observed in the XRD pattern, it means the copper oxide was annealed at
temperatures of 800 °C to 1000 °C. This indicates that the fire temperature of the melted mark

on copper is between 800 °C and 1000 °C.

3.2 Oxide layer thickness measurement (From chapter 3)

The measurement of copper oxide layer thickness is performed after longitudinal
cutting and mirror-polishing. The copper oxide layer can be observed at the outer surface of
the melted mark. The optical microscope is used to measure the thickness. The measured

oxide layer thickness can be evaluated following.

3.2.1 If the oxide thickness > 50 um => fire temperature is 800 °C to 1000 °C

The value of 50 um in oxide thickness is significant value to identify the fire
temperature. From chapter 3, no matter how long it is annealed at 400 °C to 600 °C, it will
not oxidize to a thickness greater than 50 um. Conversely, if the measured thickness is more

than 50 um, it means the oxidation occurs at 800 °C to 1000 °C.

3.2.2 If the oxide thickness < 50 um = No confirmation due to possible cracking

The higher temperature has a thicker oxide which is to crack. Therefore, the measured

thickness will be less than the actual thickness. Thus, a thin layer thickness does not always
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indicate a low fire temperature, so the temperature cannot be confirmed if the thickness is

less than 50 pm.
4. Microstructure observation (From chapters 2 and 3)
4.1 If dendrites are observed > fire temperature < 600 °C = PMM (From chapters 2 and 3)

The Cu dendrites growing within the columnar grain and the (Cu+Cu20) eutectic
structure are the characteristics of the melted mark on copper rapidly solidified, which is
PMM, as revealed in Fig. 4.3(a). The presence of columnar Cu dendrites in columnar grains
is referred to high heat transfer from the melted mark’s surface to the non-melting/melting
interface due to rapid solidification in the atmosphere, as discussed in Chapter 2. The Cu
dendrites can still be observed even in a heat treatment environment at a temperature of less
than or equal to 600 °C. Thus, the appearance of columnar Cu dendrites in columnar grains
indicates the fire temperature less than or equal to 600 °C. This characteristic can be identified

as a PMM, the primary melted mark on the copper wire at the origin of the fire.

4.2 If blurred dendrites are observed = fire temperature is 1000 °C for a few minutes =

PMM (From chapter 3)

From Chapter 3, when PMM, which has a dendritic structure, is annealed in an
atmosphere of fire, the Cu dendrites are dissolved by the interdendritic liquid during heat
treatment. Then they redistribute within a single columnar grain.'>"!° If the annealing time is

insufficient to dissolve the Cu dendrites completely, they remain in their grains as blurred

117



dendrites. This phenomenon occurs at a fire temperature of 1000 °C for a few minutes,

pointing to PMM.
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Fig. 4.3 Micrograph of (a) dendritic structure, (b) grain structure, (c) annealing twin, (d)

other structure

4.3 If dendrites are unobserved (From chapter 3)

Cu dendrites fade away entirely due to Cu dendrites with high curvature must
minimize their surface energy to achieve more thermodynamic stability at high annealing
temperatures of 800 °C after 1 hr and at 1000 °C after 10 mins. Simultaneously, the eutectic
structure is transformed into CuzO particles that precipitate on the Cu matrix across the
surface. Therefore, elemental analysis by EDS should be carried out to examine CuO

precipitates and other residual elements. As a result, if dendrites are unobserved, the
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following features should be classified to investigate the fire temperature, describe the melted

mark forming, and identify the origin of the fire.

4.3.1 Grain structure with Cu,0O > fire temperature is 800 °C to 1000 °C > PMM

If different colored areas split by the grain boundary are observed in the
microstructure, it reflects the difference in crystal orientation for each grain, as depicted in
Fig. 4.3(b). It can be seen in the microstructure along with Cu,O precipitates. This is the
characteristic microstructure of PMM annealed at 800 °C after 1 hr and at 1000 °C after 10

mins.

4.3.2 Annealing twin = thermal damage of melted mark part

Because copper has a face center cubic structure; its structure can transform into the
equiaxed grains with annealing twin after annealing.*>!” When the copper wire is heated
below its melting point, its deformation direction due to drawing disappears. The final
structure becomes equiaxed grains with an annealing twin, as shown in Fig. 4.3(c). If the
annealing twin is observed, the copper wire is unmelted but heated below the melting point.
It can imply that it resulted from a fire burning (FMM). It is not the melted mark from the

electrical short circuit (EMM).

4.3.3 Other structures with other elements = No confirmation due to no information

The melted marks on copper wire collected from real fire accidents are highly
contaminated. Various foreign elements might be detected in the microstructure. Hence, the

microstructural composition might not have contained only copper and oxygen, but other
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foreign elements resulting in various structures may be observed in addition to the discussed
structure above, as illustrated in Fig. 4.3(d). In this case, the fire temperature cannot be
evaluated because of a lack of information. However, it has been published that other metal
elements can form alloys in the melted mark structure due to dropping onto copper wire
during a fire and cooling. They lightly stick to the copper wire as a spot. If that spot is heated
further by fire, it can penetrate the inside of the copper wire and form an alloy with copper.
The presence of alloys can be confirmed by elemental analysis. An alloy spot may exhibit a
shiny grey area. As a result, the presence of alloys is referred to as the melting by fire

(FMM),'? which is not primary melted mark.

4.4 Method validation on melted marks of copper wire collected from real fire scenes
To validate the established metallurgical examination method, the melted marks on
copper wire collected from the real fire scene were examined to describe the fire behavior

and identify the origin of the fire.

4.4.1 Materials and Methods

The examined materials in this chapter are the melted marks on copper wire of six
samples collected from real fire sites in Thailand between 2019 and 2021. These samples
were collected from four different fire scenes, denoted by case numbers 138, 141, 272, and
335. The case numbers 138 and 141 have two melted marks in each fire site, defined by 138-
1, 138-2, and 141-1, 141-2, respectively, as revealed in Fig. 4.4. As depicted in table 4.1, the

wire type and wire diameter of all samples were determined.
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Table 4.1 Wire type and wire diameter of melted marks on copper wire from real fire scenes

Case number Wire type Diameter (mm)
138-1 Stranded wire 4.65
138-2 Stranded wire 4.65
141-1 Single wire 1.7
141-2 Stranded wire 1
272 Stranded wire 1
335 Stranded wire 1

To describe the fire behaviors from the melted mark on copper wire, the
microstructure and oxide layer of all specimens were investigated by the metallurgical

examination method established in the previous section.

The surface morphology and chemical composition of all specimens were examined
by Scanning electron microscope (SEM) of HITACHI SU3500 attached Energy dispersive

X-ray spectroscopy (EDS).

The phase identification of the oxide layer on melted mark was conducted by X-ray
diffraction (XRD) of Rigaku, RINT-2100 under 40kV/4mA and CuKa radiation at 0.1540
nm wavelength. Data was collected in the range 20 of 20 to 80 degrees with 0.02 degree

steps. The oxide was crushed into a powder for XRD testing.
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Fig. 4.4 The melted marks on copper wire collected from the real fire sites

The measurement of oxide layer thickness and microstructure observation were
examined by an optical microscope. All melted marks from real fire sites were mounted with
conductive resin (Technovit) and longitudinal cut. Then, they were ground with sandpaper
from #500 to #4000 and further mirror-polished by a diamond paste of 0.1 um. The alcohol
was used to clean the samples in an ultrasonic bath after grinding and polishing. The
thickness of the oxide layer was measured in this step, and SEM/EDS identified the chemical

composition in the longitudinal section of the melted mark. Previous to using an optical
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microscope to examine the microstructures, all samples were further etched for a few minutes

with a solution of 10 g FeClz, 30 ml HCI, and 120 ml distilled water.'*2°

4.4.2 Examination of typical appearance

The general exterior appearances of a melted mark on the copper wire from real fire
accidents were inspected first. In Fig. 4.4, the stranded wires in cases 138-1 and 138-2 were
melted together across the wires. In case 141-1, there was irregular melting on the melted
mark, and the surface was rough. The two strands of wire in case 141-2 were melted together
at the end of the wire. In case 272, the stranded wire was melted on another wire at a localized
point of contact, and its shape was round. In case 335, the melted mark shape was round, and
the boundary between the unmelted/melted interface was observed. These typical

appearances will be interpreted with other examinations and concluded later.

4.4.3 Examination of surface morphology

The surface morphology of the samples from real fire scenes was greatly damaged
and contaminated due to fire events and evidence collection, as depicted in Fig. 4.5. They
were not in perfect condition enough to inspect the surface morphology. However, elemental
analysis on the surface by EDS is an initial examination to determine which elements are on
the surface of the melted mark. The EDS analysis were performed from the inner layer to the

outer layer of the melted mark.
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The results of elemental analysis on surface of melted marks from real fire scenes are
illustrated in Fig. 4.6. All melted marks consist of copper and oxygen elements as major
elements. It can be clearly seen that the oxygen content of most samples is highest at the
outer surface, and it gradually decreases from there, while copper content is the opposite.
This is the phenomenon of oxygen absorption from the air into the melted mark. The minor
elements are carbon, chlorine, and calcium. As shown in Fig. 4.7, elemental mapping
represents Cl and Ca concentrating on the oxide layer. It has been reported that Cl was
released from the combustion of PVC insulation, whereas Ca was an element from ash-
forming such as wood combustion.'*?!?> Most of the C comes from the ambient CO, during
the fire and the residual C on the wire's surface as a result of wire burning.?® In addition,
various foreign elements were detected on the outer surface of the melted mark from real fire
accidents, such as Si, Al, S, Fe, P, and Sn. The melted marks collected from the same fire

sites (138-1 and 138-2) and (141-1 and 141-2) present the same elements.

In summary, the major elements on surface of the melted mark from real fire accident
are Cu and O. The minor elements are C, Cl, and Ca. The foreign elements have various
elements depending on their environment. The melted marks from the same fire sites contain

the same elements.
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Fig. 4.5 Surface morphology of melted marks on copper wire from four fire accidents
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. 4.6 Elemental analysis on surface of melted marks from real fire scenes




Fig. 4.7 Elemental mapping on microstructure in longitudinal section of the melted mark

case number 138-1

127



4.4.4 Examination of oxide layer
There are four melted marks for copper oxide examination because they present some
trace oxide on their melted marks' surfaces, including case numbers 138-1, 138-2, 141-1, and

141-2.

4.4.4.1 Evaluation of fire temperature from copper oxide

The estimation of fire temperature from copper oxide was conducted by phase
identification of the oxide layer by XRD according to the established method in the previous
section. Fig. 4.8 demonstrates XRD patterns of oxide layer from real fire scenes. The types

of copper oxide and fire temperature evaluation are presented following.

Case 138-1:  Copper oxide type is Cu2O and CuO

Evaluated fire temperature is 400 °C to 600 °C

Case 138-2:  Copper oxide type is Cu20 and CuO

Evaluated fire temperature is 400 °C to 600 °C

Case 141-1:  Copper oxide type is Cu,0

Evaluated fire temperature is 800 °C to 1000 °C

Case 141-2:  Copper oxide type is Cu20

Evaluated fire temperature is 800 °C to 1000 °C
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Fig. 4.8 XRD patterns of oxide layer on melted mark on copper wire from real fire scenes
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4.4.4.2 Investigation of Cu20 crystallite size

Although the established method does not include estimating fire temperature from
Cu20 crystallite size, this section desires to present crystallite size differences between
simulation and real fire sites and invalidate estimating fire temperature from Cu,O crystallite

size.

The comparison of Cu2O crystallite size at (111) plane between real fire scene
samples and reference plot from simulated samples is shown in Fig. 4.9. The crystallite size
distribution of simulated samples used as reference is no distinguishable relationship with
temperatures and times. At a certain size, various temperatures and times are obtained. For
example, 138-1 and 141-1 have a crystallite size of 36.4 nm and 35.3 nm, respectively. When
their size is compared with the reference plot, a wide temperature range from 400 °C to
1000 °C is achieved. Furthermore, some Cu2O crystallite sizes from real fire scenes are out
of scope from the reference plot. Because the reference plot was created from the limitation
of heat treatment temperatures of 1000 °C, it is not comprehensive whenever the melted mark
collected has a higher fire temperature than 1000 °C. The cooling rate also has effect on
crystallite sizes as discussed in chapter 2. Although they have the same fire temperature if
they are cooled with different cooling rates, such as in the fire environment and by water,
resulting in different crystallite sizes. As a result, estimating fire temperature from CuxO

crystallite size might be impossible.
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Fig. 4.9 Comparison of Cu,O crystallite size at (111) plane between real fire scene samples

and reference plot from simulated samples
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4.4.4.3 Evaluation of fire temperature from copper oxide layer thickness

There are four melted marks for estimating fire temperature from copper oxide layer
thickness because they present some trace oxide on the melted mark's surface, including case
numbers 138-1, 138-2, 141-1, and 141-2, as revealed in Fig. 4.10. The thickness of copper

oxide and fire temperature evaluation are presented following.

Case 138-1:  Copper oxide layer thickness is 80 um

Evaluated fire temperature is 800 °C to 1000 °C

Case 138-2:  Copper oxide layer thickness is 53 um

Evaluated fire temperature is 800 °C to 1000 °C

Case 141-1:  Copper oxide layer thickness is 23 um

Evaluated fire temperature is no confirmation due to possible cracking

Case 141-2:  Copper oxide layer thickness is 35 um

Evaluated fire temperature is no confirmation due to possible cracking

The evaluated fire temperature of cases 138-1 and 138-2 is similar at 800 °C to 1000 °C

because they were collected from the same fire sites as well as cases 141-1 and 141-2.
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Fig. 4.10 Oxide layer thickness measurement of melted marks from real fire scenes
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4.4.5 Describing melted mark forming from microstructure

The microstructures of all melted marks from real fire accidents were examined using
the metallurgical examination method. The etched and unetched surfaces were prepared for
microstructure observation and composition investigation by EDS, respectively. Fig. 4.11
and 4.12 illustrate etched microstructure of melted marks on copper wire from real fire

scenes. There is a difference in the structure of all the samples following.

Case 138-1:  No dendrite, Grain structure with grain size of 1.56 mm

Case 138-2:  No dendrite, Grain structure with grain size of 2.63 mm

Case 141-1:  No dendrite, Grain structure with grain size of 0.18 mm, oxygen richer

grains

Case 141-2:  No dendrite, Grain structure with grain size of 0.28 mm

Case 272: Blurred dendrite in columnar grain with grain size of 0.22 mm

Case 335: No dendrite, other structures

Case 138-1, 138-2, and 141-2 present similar grain structures due to annealing in fire
temperature, but different grain sizes may be due to different fire conditions and different
wire diameters. The oxygen-richer grains are observed in case 141-1, which may indicate the
powerful ambient oxygen in the fire site. Interestingly, the microstructure of case 272 appears
blurred dendrite in columnar grain. This structure is similar to the rapidly solidified structure
of a simulated sample. The heat treatment effect causes the blurred dendrite. It remains in the

structure because of incomplete dissolution.
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Fig. 4.11 Etched microstructure of melted marks on copper wire from real fire scenes
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Fig. 4.12 Microstructure of melted marks on copper wire from real fire scenes under

magnification 200x
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Moreover, the columnar grain formed in the longitudinal section indicates a rapid
heat transfer from one side to the other. As a result, this melted mark may be generated from
short-circuiting. From the established method, this kind of microstructure is classified as
PMM, which means being at a fire temperature of 1000 °C for a few minutes. Additionally,
the structure of case 335 is not familiar, and grain boundaries cannot be observed. If the
melted mark comprises major elements of copper and oxygen, the grain boundary appears
after etching with FeCls solution. Therefore, the microstructural compositions are necessary
to examine. The microstructural compositions of melted marks on copper wire from real fire

scenes are depicted in Fig. 4.13. The following outcomes are observed.
Case 138-1:  Cu, porosities and no Cu20
Case 138-2:  Cu, porosities and no Cu20
Case 141-1:  Cu, Cu20, Pb and porosities
Case 141-2:  Cu, Pb, S, porosities and no Cu,0O
Case 272: Cu, porosities and no Cu,0O
Case 335: Cu and Cu+Sn

Cases 138-1 and 138-2 present similar composition because they were collected from the
same real fire scenes. The Cu,O precipitate and Pb were found in case 141-1. Pb has been
used as an electronic component.?!**?7 This Pb exhibits a distinctly different metallic color
in the microstructure. It can imply that copper wire might be directly below the material,

including Pb, that melted and dropped onto copper wire during a fire and cooling.!°
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Fig. 4.13 Microstructural compositions of melted marks on copper wire from real fire

Scenes
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The melted mark in case 141-2, which was collected from the same fire accident as case 141-
1 shows different alloying elements, including S and no Cu2O. They might be gathered from
different area in same fire accident. The presence of different residual elements in the
microstructure could indicate the surrounding materials during a fire. In case 242, there are
no other residual elements in the microstructure. It is similar to the microstructure of the
simulated PMM. The unetched microstructure in case 335 differs from the others, with Cu in
the bright region and Cu+Sn in the dark region. Generally, Sn-Pb has been used as a solder
for joining two electronic components.?!?*2” Thus, copper wire containing solder may have
alloying area and rounded end. These effects result from the interaction of the copper and the

solder.'® Accordingly, this melted mark is not both EMM and FMM.

4.4.6 Explaining fire behaviors and identifying fire’s origin
From oxide and microstructure investigations, all results were interpreted together to
identify the origin of the fire. The fire behaviors and the formation of the melted mark on

copper wire collected from real fire scenes are explained following.
In case 138-1 and 138-2

1. Because a mixture of Cu2O + CuO was found at the oxide layer, it indicates that
the surrounding fire temperature is 400 °C to 600 °C. However, the estimated fire
temperature from the thickness measurement is 800 °C to 1000 °C, which is
inconsistent. This is because the established method has no data in the 600 °C to

800 °C range if the melted mark has been in that temperature range. This will result
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in inconsistent temperatures estimated from the oxide type and oxide thickness

measurements.

2. These two melted marks were melted at a temperature over the melting point and
solidified. There were no dendrites, no CuO precipitates, and no residual elements
in the grain structure. Because there is no CuxO precipitate, these two melted marks

are not the melted marks that are the cause of the fire accident.

In case 141-1

1. Because only Cu,O phase was found at the oxide layer, it indicates that the

surrounding fire temperature is 800 °C to 1000 °C.

2. This melted mark was melted at a temperature over the melting point in the
powerful oxygen ambient and solidified because the oxygen-richer grains were
observed. There were no dendrites, but the residual element (Pb) was found in the
microstructure. It implies that the fire accident occurs before generating this
melted mark on copper, then surrounding materials are melted and dropped onto
that copper wire. Thus, this melted mark is not the melted mark that is the cause

of the fire accident.

In case 141-2

1. Because a mixture of CuxO + CuO was found at the oxide layer, it indicates that

the surrounding fire temperature is 400 °C to 600 °C.
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2. This melted mark was melted at a temperature over the melting point and
solidified. The oxygen-richer grains were not observed, indicating collection from
a different area from case 141-1, but in the same fire accident. There were no
dendrites, but the residual elements (Pb, S) were found in the microstructure. It
implies that the fire accident occurs before generating this melted mark on copper,
then surrounding materials are melted and dropped onto that copper wire. Thus,

this melted mark is not the melted mark that is the cause of the fire accident.

In case 272

1. Because the melted mark has no oxide layer, evaluating the surrounding fire
temperature from the oxide layer is impossible. However, it can be evaluated by

the microstructure observation described below.

2. This melted mark was generated from short-circuiting because the blurred
dendrites in columnar grains were observed. The columnar grain formed in the
longitudinal section indicates a rapid heat transfer from one side to the other. The
heat treatment effect causes the blurred dendrite. However, it remains in the
structure because of incomplete dissolution. There were no residual elements in
the microstructure. This structure is comparable to the rapidly solidified structure
of a simulated sample. Therefore, this melted mark is a primary melted mark
(PMM) which is a cause of the fire accident and had been in a fire temperature of

1000 °C for a few minutes.
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In case 335

1. Because the melted mark has no oxide layer, evaluating the surrounding fire

temperature from the oxide layer is impossible.

2. The microstructure of this melted mark comprises Cu and Cu + Sn. Sn comes
mostly from solder, which is used to join two electronic components. Thus, Cu and
Sn might be melted during metal interconnection. As a result, this melted mark is
not the melted mark that is the cause of the fire accident, and the surrounding
temperature cannot be evaluated due to a lack of information. However, the
external morphology has a rounded shape similar to PMM as in case 272. If it is
inspected only through a visual examination without a metallurgical examination,

the evaluation of that damage may be inaccurate.
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4.5 Conclusions

We have succeeded in establishing metallurgical examination method for melted
marks on the copper wire by using the solidification microstructure and oxide evolution of
PMM in chapters 2 and 3. This method provides precious fire investigation information

following.

1. The surrounding fire temperature can be evaluated by investigating the oxide layer.

2. The formation of melted mark can be described by elemental analysis and

microstructure observation in the longitudinal section.

3. The origin of the fire accident can be identified from microstructure examination.

This method was created using the solidification microstructure and oxide layer of
the primary melted mark, which is a melted mark that represents the cause of the fire at the
origin of the fire. Thus, if the examined sample has different features from the characteristics
in this method or is incomparable to this method, it is not the primary melted mark and is not

the cause of the fire accident.

Furthermore, this established method was validated by examining real melted marks
on copper wires collected from an actual fire scene in Thailand. The following valuable

results are achieved.

1. The melted mark identified as the cause of the fire accident is case 272, the

surrounding temperature is 1000 °C.
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2. The melted marks generated after a fire are cases 138-1, 138-2, 141-1, and 141-2,

which indicate that they are not the cause of a fire due to the presence of alloy

elements in their microstructures.

3. The melted mark that is not formed in a fire accident is case 335. It was created

from the joining of copper wire with another electronic component by Sn solder.
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Chapter 5 Conclusions

The characteristic microstructures and copper oxide phases of the primary melted
mark on the copper wire were investigated to describe the fire behaviors and identify the
origin of the fire accident. The experiments were simulated to resemble the real fire accidents
as much as possible under various parameter conditions, including cooling rates, annealing
temperatures, and annealing times. The characteristic features investigated under different
conditions were used to establish the metallurgical examination method of melted mark on
copper wire. To validate the method, real melted marks on copper wires collected from
different actual fire scenes were examined using this method. From all investigations, a

summary in each chapter is represented following.

In chapter 2, the influence of solidification by air and water on the microstructure of the
melted mark on the copper wire was examined before heat treatment. After heat treatment at
1000 °C for 10 mins and cooled down with different cooling types (furnace, air, and water),
the effect of cooling rate after heat treatment on PMM also was examined. It can be concluded
that the microstructures before heat treatment of PMM solidified in the air and water are
different. Both different solidified samples have a (Cut+Cu0) eutectic structure, and Cu
dendrites grow from the non-melting/melting interface as their significant characteristics.
However, the water-solidified sample has smaller dendrite arm spacing and an oxygen-
enriched area near the melted mark’s surface. In comparison, the microstructures of PMM
after heat treatment at 1000 °C for 10 mins and cool in the furnace, air, and water are

significantly different from before heat treatment. All different cooled samples have no Cu
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dendrites, but columnar grains and CuxO precipitates exhibit in the microstructure as their
typical features. A perfect oxide layer is found on the sample cooled in the furnace. It is

damaged entirely due to the rapid cooling rate as the sample cooled in water.

In chapter 3, the effect of annealing temperatures and times on the copper oxide
and microstructural evolution of the PMM was examined. It can be summarized that the
surface morphology evolves with the annealing temperature. At 1000 °C, the large Cu2O
grains are encircled by the slight CuO scale at their grain boundary and reduce in grain
size at 800 °C, while at 600 °C, the CuO whiskers are formed. A mixture of Cu;O and
CuO phases is found at 400 °C and 600 °C, whereas only the Cu2O phase is discovered
at 800°C and 1000°C. The thickness of the CuxO layer becomes thicker by
increasing annealing temperature and time, which follows the parabolic rate law. The
diffusion processes accountable for CuxO growth are lattice diffusion at 220 °C to 400 °C
and grain boundary diffusion at 400 °C to 1000 °C. Moreover, the microstructure of
melted mark annealed at 400 °C and 600 °C is a dendritic structure, while at 800 °C to

1000 °C is a grain structure with CuxO precipitates.

In chapter 4, we have succeeded in establishing metallurgical examination method
for melted marks on the copper wire by using the solidification microstructure and oxide
evolution of PMM in chapters 2 and 3. This method provides precious fire investigation

information following.

1. The surrounding fire temperature can be evaluated by investigating the oxide layer.
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2. The formation of melted mark can be described by elemental analysis and

microstructure observation in the longitudinal section.

3. The origin of the fire accident can be identified from microstructure examination.

Furthermore, this established method was validated by examining real melted marks
on copper wires collected from an actual fire scene in Thailand. The following valuable

results are achieved.

1. The melted mark identified as the cause of the fire accident is case 272, the

surrounding temperature is 1000 °C.

2. The melted marks generated after a fire are cases 138-1, 138-2, 141-1, and 141-2,
which indicate that they are not the cause of a fire due to the presence of alloy

elements in their microstructure.

3. The melted mark that is not formed in a fire accident is case 335. It was created

from the joining of copper wire with another electronic component by Sn solder.

Suggestions

1. This method was created using the solidification microstructure and oxide layer of the
primary melted mark, which is a melted mark that represents the cause of the fire at the origin
of the fire. Thus, if the examined sample has different features from the characteristics in this
method or is incomparable to this method, it is not the primary melted mark and is not the

cause of the fire accident.

150



2. This method cannot identify whether SMM or FMM because the formations of these
melted marks are different from PMM, so it is incomprehensive. To identify SMM and FMM,
the simulation of SMM and FMM under different fire conditions must be carried out.
However, the most important for fire investigation is to identify the origin of the fire which

is determining the origin of the fire, which is the location of PMM.

3. The heat treatment process was conducted in the air. It was assumed that the oxygen
pressure is constant at room oxygen pressure. The oxygen content in a real fire accident may
be reduced during a fire. It may result in copper oxide phase transformation. The evaluation
of fire temperature from the oxide layer is invalidated at an intermediate fire temperature

between 600 °C and 800 °C.
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