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Abstract

Thermal conductivity of ice- and hydrate-bearing fine-grained porous sediments (soils)
has multiple controls: mineralogy, particle size, and physical properties of soil matrix;
type, saturation, thermal state, and salinity of pore fluids; and pressure and temperature.
Experiments show that sediments generally increase in thermal conductivity upon freez-
ing. The increase is primarily due to fourfold difference between thermal conductivity of
ice and water (~2.23 against ~0.6 W/(m-K)) and is controlled by physicochemical processes
in freezing sediments. Thermal conductivity of frozen soils mainly depends on lithol-
ogy, salinity, organic matter content, and absolute negative temperature, which affect the
amount of residual liquid phase (unfrozen water). It commonly decreases as soil con-
tains more unfrozen water, in the fining series ‘fine sand - silty sand - sandy clay — clay’,
as well as at increasing temperatures, salinity, or organic carbon contents. According to
experimental evidence, the behavior of thermal conductivity in hydrate-bearing sedi-
ments strongly depends on conditions of pore hydrate formation. It is higher when pore
hydrates form at positive temperatures (t > 0°C) than in the case of hydrate formation in
frozen samples. Freezing and thawing of hydrate-bearing sediments above the equilib-
rium pressure reduces their thermal conductivity due to additional hydrate formation.

Keywords: thermal conductivity, sediments, temperature, ice, gas hydrate, freezing,
permafrost, unfrozen water, salinity, hydrate saturation, organic matter

1. Introduction

Thermal conductivity of rocks depends on their origin and deposition environments
and related lithology, mineralogy, structure and texture, as well as on thermal state and
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thermodynamic conditions [1-13]. There is a wealth of published evidence on thermal con-
ductivity control by mineralogy, particle size, pore space structure, and pore fluid state and
composition: whether it is fresh or saline water, ice, gas, organic compounds, and so on [14—
21]. However, the effect of some pore filling materials on thermal properties of sediments
remains poorly investigated, especially that of pore hydrates [22, 23]. Natural gas hydrates
share much physical similarity with ice (heat capacity, density, and acoustic properties) and
thus pore hydrates in permafrost, though being known since the 1970s [24], are hard to iden-
tify and study with conventional geophysical methods, mainly seismic. Meanwhile, pore gas
hydrate and ice differ markedly in thermal conductivity, which is 2.23 W/(mK) in hydrate,
0.54-0.65 W/(m-K) in ice, and 0.6 W/(m-K) in liquid water [25-27].

Knowledge of thermal properties, especially thermal conductivity, of frozen and freezing
porous sediments is valuable in geocryological predictions for reducing geological engineer-
ing risks during construction and operation of buildings and utilities in regions of Arctic and
highland permafrost [28, 29]. True thermal conductivity values of frozen soils are also indis-
pensable to choose optimal strategies of mitigating risks from permafrost thawing as a result
of global warming or local manmade impacts.

The development of hydrate-bearing gas and oil reservoirs likewise requires knowing their
thermal properties [30]. Methane production from these reservoirs is most often simulated
with reference to thermal conductivity of pure methane hydrates [31], but this simplistic
assumption can entrain serious errors during methane recovery, especially for permafrost
containing hydrates and ice.

The marked thermal conductivity difference between hydrate and ice is a prerequisite for
creating a method of identifying and mapping intra-permafrost gas hydrates.

2. Thermal conductivity of sediments in unfrozen and frozen state
and freezing effect

Thermal properties of rocks, soils, water, and air vary as a function of their composition,
structure and state, as well as thermodynamic conditions. Thermal conductivity values of dif-
ferent materials are quoted in Table 1 per unit volume of rocks, sediments, water, ice, snow
and air. Note that it linearly depends on temperature for water, ice and air.

Comparative analysis of experimental data shows that thermal conductivity of igneous
(granite, basalt), metamorphic (quartzite, schists), and sedimentary (sandstone, limestone,
dolomite) rocks can vary from 1.0 to 5.0 W/(m-K) as a function of different factors. The miner-
alogy dependence is associated with the presence of thermally conductive minerals, such as
SiO, quartz (~7.0 W/(m-K)) or iron-bearing phases (e.g., pyrite). Density and porosity effects
appear as greater thermal conductivity in denser and less porous rocks, that is, it is lower in
sediments than in igneous or metamorphic rocks. Experiments show that 15-20% densening
of skeleton in sand leads to about twice higher thermal conductivity. The variations result
from more or less close packing of particles. Manmade compaction likewise leads to thermal
conductivity increase in sediments, which is often used in civil engineering.
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Cemented porous sediments fall into three thermal conductivity groups: (1) coarse clastics
(conglomerates, gritstones, and sandstones); (2) fine clastics (silt and clay); (3) chemogenic and
biogenic carbonates and silicates (dolomite, anhydrite, limestone, diatomite, etc.). Thermal
conductivity of coarse clastics is from 1.5 to 4.5 W/(m-K), estimated separately for matrix and
cement, and reaches 5.8 W/(m'K) in low-porosity monomineral sediments (dolomite, lime-
stone). Thermal conductivity is anizotropic in many sedimentary and metamorphic rocks: it is
on average 10-30% higher along than across the bedding, especially in shale and gneiss [32].
The reason is that interactions of mineral particles and heat transfer are more active along the
bedding controlled by the origin and deposition environments of rocks.

Thermal conductivity variations in sediments and soils, which are multicomponent and mul-
tiphase systems, depend on relative percentages of solid, liquid, and gas phases; soil chem-
istry and mineralogy; structure and texture (particle size, porosity, layering, etc.); moisture
contents; and temperature. Saturation of sediments affects significantly their thermal proper-
ties: thermal conductivity reaches its maximum at full water saturation [11] as water with A =
0.54 (W/(m'K) supplants gas with A = 0.024 (W/(mK).

The dependence on particle size composition shows up in higher thermal conductivity of
coarse and very coarse soils (of boulder, pebble, gravel, and sand particles) compared to
finer-grained varieties, the moisture content, density, and other parameters being equal. The
upper limit for coarse sediments (up to 3-9 W/(m-K)) corresponds to hard components while
the lower limit (0.3-0.5 W/(m'K)) represents dry fine-grained material. Thermal conductivity
decreases with fining, in a descending series of sand — silt — clay — peat (Table 1), because of a
greater number of loose contacts between particles [33].

Saturated frozen sediments and soils with medium or high moisture contents have higher
thermal conductivity than their unfrozen counterparts because pore ice is four times more
conductive than water (Table 1): 2.22 W/(m-K) against 0.54 W/(m-K). However, the tempera-
ture dependence of thermal conductivity in wet porous sediments is rather controlled by
relative percentages of pore ice and water and conditions of heat transfer at their contacts.
Within the range of positive temperatures, thermal conductivity decreases slowly from 25 to
0°C, in accordance with linear dependence on water temperature, but rises abruptly at the
transition from 0 to -1°C when pore water rapidly converts to ice (Figure 1). Note that ther-
mal conductivity of ice-rich soil depends more on the conditions of cooling and heating than
on absolute temperature. Of special importance is the direction of heat transfer at alternating
pressures and temperatures, when pore water converts to ice and back, and changes in their
relative amounts [15]. Figure 2 shows qualitative variations of thermal conductivity in frozen
sediments subject to further freezing and subsequent thawing. The curves comprise several
segments corresponding to different temperature intervals. Thermal conductivity decreases
linearly within the range of positive temperatures till the onset of freezing (segment A-B)
and then increases dramatically in the region of rapid water-to-ice transition (segment B-C),
when ice, with its thermal conductivity four times that of water, appears as a new pore fill-
ing component, while the amount of unfrozen pore water reduces. Further freezing to -15°C
and colder (segment C-D) corresponds to notable (30-40%) decrease in thermal conductivity.
The reason is that increasing crystallization of unfrozen bound water and related thermome-
chanic stress, as well as thermal expansion variations, cause rapid growth of cracks. Saline
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Material Thermal conductivity A (W/(m-K))
Water

At +4.1°C 0.54

At +20°C 0.60

Ice 2.22-2.35
Air

At 0°C 0.024

At -23°C 0.022
Snow

Loose 0.1
Dense 0.3-0.4
Granite 2.3-4.1
Basalt 1.74-2.91
Quartzite 2.9-6.4
Shale 1.74-2.33
Sandstone 0.7-5.8
Limestone 0.8-4.1
Dolomite 1.1-5.2
Sand

Dry 0.3-0.35
Unfrozen, water-saturated 1.7-2.6
Frozen, ice-saturated 1.5-3.0
Silty clay

Dry 0.19-0.22
Unfrozen, water-saturated 0.6-1.0
Frozen, ice-saturated 1.2-14
Clay

Air-dry 0.8-1.0
Unfrozen, water-saturated 1.2-14
Frozen, ice-saturated 1.4-1.8
Peat

Dry 0.012-0.14
Unfrozen, water-saturated 0.7-0.9
Frozen, ice-saturated 1.1-1.2

Table 1. Thermal conductivity of different materials [19].



Effect of Ice and Hydrate Formation on Thermal Conductivity of Sediments
http://dx.doi.org/10.5772/intechopen.75383

1
.2
A3
v 4
x5
£6
m7

—~—
e
——

Thermal conductivity, W/(m-K)

-12 -10 -8 -6 -4 -2 0 2 4 6 8

Temperature, °C

Figure 1. Effect of temperature on thermal conductivity in different types of sediments: 1—coarse crushed stone filled with
silt, 2—fine sand, 3 —silty sand, 4—loess-like silty clay, 5—silty clay, 6—clay, and 7—degraded peat [15, 19]. Data points
are experimental measurements; lines are approximation trends. The arrows show the direction of temperature change.
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Figure 2. Variations of thermal conductivity in frozen sediments subject to freezing and subsequent thawing. The arrows
show the direction of temperature change.

peat-bearing fine-grained porous soil contains much unfrozen water even at low negative
temperatures, till -15°C [16, 19, 34]. The thermal conductivity reduction is especially large in
ice-rich peat subject to further cooling and related brittle deformation when internal stress in
soil releases through microcracks.

Subsequent warming (segment E-F) leads to notable increase in thermal conductivity as the
cracks heal up because ice, and soil as a whole, become more plastic. The highest thermal con-
ductivity values in the warming-thawing cycle of frozen soil approach those in the freezing-
cooling cycle, but correspond to higher negative temperatures because of hysteretic behavior
of moisture phases. Thermal conductivity decreases dramatically till the thawing tempera-
ture within the segment F-G, as pore ice melting increases the contents of liquid water.

The thermal conductivity decreases with grain sizes in the series ‘coarse sand — fine sand —
silty sand — silt — silty clay — clay” was observed in both frozen and unfrozen sediments with
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different degrees of water or ice saturation [15, 17-21], over the range of temperatures from
+20 to -20 °C, including the region of rapid water-ice phase transitions. Finer sediments have
more thermal resistance contacts and are more hydrophilic and ultraporous, which increases
relative contents of low-conductive liquid unfrozen water.

Thermal conductivity of frozen sediments increases systematically with ice saturation as low-
conductivity gas gives way to high-conductivity ice. Sediments with high contents of ice,
which swells out the mineral skeleton, have thermal conductivity about that of ice.

Salinity, or the presence of soluble salts in pore water, is another important control of thermal
conductivity in frozen sediments. Namely, Na+ and Cl- ions lead to changes in the phase state
of pore moisture in permafrost. Frozen soils with higher salinity (Z, %), that is, salt-to-dry
sediment weight ratio, contain more unfrozen pore water and, correspondingly, have lower
thermal conductivity (Figure 3). Thermal conductivity of saline sand and silty sand contain-
ing liquid pore water is much lower than that in non-saline sediments: only 1% increase of
salinity in frozen sand may cause twofold thermal conductivity decrease. Unlike sand, more
or less water-saturated low saline (0 to 0.5-0.7%) clay silt and clay have thermal conductivity
slightly (within 10%) higher than in their non-saline counterparts, but more saline varieties
are less conductive. Namely, at Z > 1%, thermal conductivity shows a weak decreasing trend
traceable until the system reaches the eutectic point. This behavior is related primarily with
changes in relative contents of water phases (ratio of unfrozen water content to total moisture
content) as salinity increases. The amount of liquid water depends on concentration as well
as on chemistry of salts: it increases progressively in the series Na,SO,-Na,CO,-NaNO,-NaCl,
while thermal conductivity decreases correspondingly. Note that further cooling of frozen
soils reduces the amount of unfrozen pore water [34]. As the pore fluid reaches eutectic con-
centration and temperature, salts form cryohydrates, whereby the content of unfrozen water
decreases dramatically. The formation of thermally conductive cryohydrates in the pore
space and the respective reduction of the liquid water content leads to thermal conductivity
increase in frozen soils. Experiments show that thermal conductivity of saline soils tends to
that of non-saline soils at temperatures below eutectics [35].
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Figure 3. Salinity (Z,%) dependence of thermal conductivity for different types of NaCl-bearing soil: 1—fine sand,
2—silty sand, 3—sandy clay, and 4—kaolin clay (W = 15-30% for 1-3 and W = 50-70% for 4) [18]. Data points are
experimental measurements; lines are approximation trends.
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Figure 4. Water (a) and ice (b) saturation dependence of thermal conductivity in unfrozen and frozen peat-bearing sandy
soils with different peat contents [36] (found as organic component to total sediment dry weight ratio).

Thermal conductivity is lower in frozen sediments containing organic matter (especially, peat)
(Figure 4). This is because the presence of peat increases specific surface activity and the
contents of unfrozen pore water, and the organic component itself (peat, oil, etc.) most often
has lower thermal conductivity than mineral particles and ice. Therefore, unfrozen water-
saturated soils with organic-filled porosity likewise have low thermal conductivity.

Unlike heat capacity, thermal conductivity is not an additive value but depends on sediment
structure and texture. As shown by experiments, massive frozen clay is more conductive than
that with ice lenses at similar water contents and density. Note that thermal conductivity of
sediments with lenticular cryostructure is anisotropic: it is 20-30% higher at heat flux along
than across ice lenses. The reason is in higher thermal conductivity of ice and lower thermal
resistance at contacts between mineral layers and ice lenses.

3. Thermal conductivity of gas hydrate-bearing sediments and
hydrate-accumulation effect

Thermal conductivity has been worse studied in hydrate-bearing sediments than in frozen
(ice-bearing) sediments: the available data are limited to sporadic estimates for manmade
hydrate-bearing materials [37-41]. The first experimental evidence on thermal conductivity
of sediments containing natural gas hydrates was obtained from well Malik 5L-38 (Mackenzie
Delta, Canada). Ice-bearing soils were found to have thermal conductivity generally higher
than their hydrate-bearing counterparts [42]. On the other hand, frozen hydrate-saturated sed-
iments are often more thermally conductive than those in the unfrozen state. New experimen-
tal data on thermal conductivity of natural gas hydrate-bearing sediments from the Nankai
Trough published a few years ago were used to predict thermal conductivity from the known
particle size distribution, porosity, and hydrate saturation [43]. The most successful predic-
tion for natural sediments with hydrate saturation within 14% was achieved with a model of
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complex distribution (geometric mean), but the proposed equations were poorly applicable to
sediment samples containing greater percentages of hydrates (up to 30%) [44]. This is because
hydrate-bearing sediments are actually complex systems and their thermal conductivity is not
a sum of values for the system constituents but rather depends on the pore space structure.

According to experimental evidence, hydrate formation conditions influence largely the ther-
mal conductivity of hydrate-bearing sediments [45]. Its variations were studied at different
conditions of hydrate formation: (1) low positive temperatures (t = +2 = 1°C), (2) negative
temperatures (t =5 + 1°C), (3) cooling from +2 + 1 to -5 and —8°C, where residual pore water
(not converted to hydrate at positive temperatures) froze and induced additional hydrate
formation, and (4) warming from -5 + 1 to +2 + 1°C, where residual pore ice (not converted to
hydrate at negative temperatures) thawed and induced additional hydrate formation.

3.1. Hydrate formation at t > 0°C

First, the effect of gas hydrate formation at t > 0°C on thermal conductivity of hydrate-bearing
sediments was studied at low positive temperatures (t = +2 + 1°C). The typical pattern of pore
hydrate formation, under favorable conditions, is evident in time-dependent variations in the
fraction of pore space occupied by hydrates or hydrate saturation (S, %) (Figure 5). This frac-
tion decreases with time as a result of changes in the hydrate formation mechanism. Hydrate
formation is rapid early during the process, and most of hydrate forms within the first 45-50
h, while S, (Figure 5) reaches 67%. Then hydrate formation decelerates, while S, remains
almost invariable (about 67%). The observed kinetics of hydrate formation at low positive
temperatures can be explained as follows. Rapid formation of hydrates in the beginning is
due to direct gas-water contacts. Later, a gas hydrate film forms at the pore water-gas inter-
face and impedes gas access to pore water, whereby the hydrate formation rate slows down,
being limited by the permeability of the gas hydrate film. The thickening of the hydrate film
makes it much less permeable, and hydrate formation almost stops at a certain film thickness,
despite the fact that the residual pore water content exceeds its equilibrium content at the
given temperatures and pressures.

The time-dependent behavior of thermal conductivity during hydrate accumulation in gas-
saturated silty sand (W = 18%) at positive temperatures is irregular (Figure 6). The curve
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Figure 5. Pore hydrate formation in gas-saturated silty sand (W =18%; n = 0.40), at t = +2 + 1°C: time-dependent hydrate
saturation (S, %) [45].
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comprises three characteristic segments: (1) thermal conductivity (A) changes little (1.77-1.78
W/(m-K) or within a measurement accuracy of 3%) for the first 40 h, but (2) becomes 13%
higher (1.78-2.01 W/(m-K)) for the following 20 h, and (3) remains almost invariable about
2.01 W/(m-K), with 3-4% variations (within a measurement accuracy) till 60 h after the run
start. While thermal conductivity almost does not change for the first 40 h, saturation (S,)
becomes 40% higher than at the run onset; then both parameters increase for the following
20 h, peak concurrently, and remain invariable within 100 h afterward.

At gas saturation S, within 45%, thermal conductivity does not change (Figure 7), as reported
previously [42—44]. The variations become notable when hydrates occupy more than 45% of
the pore space. For instance, thermal conductivity became 14% higher, while Sh reached 61%
in silty sand (W = 18%) and 9% higher as S, increased to 57% in fine sand.

3.2. Hydrate formation at t < 0°C

Hydrate formation at t < 0°C was studied in frozen methane-bearing samples in a pres-
sure cell, at temperatures of -5 + 1°C (Figure 8). Unlike the tests at low positive tempera-
tures, methane hydrates form more slowly at negative temperatures. As a result, the rate
of hydrate formation in frozen samples is commensurate with that at positive tempera-
tures for quite a long time. The reason is that, at negative temperatures, gas hydrates form
directly on the surface of ice particles, as demonstrated by special studies of interaction
between ice particles and CO, and CH, gases [46, 47]. Hydrate that forms during this inter-
action has a low density, and, hence, a high permeability and does not impede much the
conversion of ice particles to hydrate. The same mechanism apparently works during tran-
sition of pore ice into hydrate, judging by the dynamics of gas hydrate formation in frozen
sediments. Unlike the case of t > 0°C, the thermal conductivity of frozen samples decreases
nonuniformly with time during hydrate formation (Figure 9). The decrease is to 1.81 W/
(m-K) (8%) for the first 50 h of hydrate growth and then as small as 3% for the subsequent
125 h. In general, this decrease is observed in the S, range from 0 to 50-60% (Figure 10). The
thermal conductivity decrease most likely results from reduction in the amount of ice, with
its thermal conductivity as high as 2.23 W/(m-K), and the related growth in the share of the
less conductive hydrate (0.6 W/(m-K)).
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Figure 6. Time-dependent thermal conductivity of gas-saturated silty sand (W = 18%; n =0.40) during hydrate formation
att=+2+1°C [45].
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Figure 7. Thermal conductivity of sediments as a function of hydrate saturation (S;, %) at t = +2 + 1°C: (1) fine sand,
W =16%; (2) fine sand, W = 10%; (3) fine sand, W = 15%; (4) fine sand +14% kaolin clay, W = 15%; and (5) silty sand,

W = 18% [45].
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Figure 8. Pore methane hydrate formation in frozen fine sand (W =22%; n = 0.60) at t = -5 + 1°C: time-dependent hydrate
saturation (S, %) [45].
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Figure 9. Time-dependent thermal conductivity of gas-saturated fine sand (W =22%; n =0.60) during hydrate formation
att=-5=1°C[45].
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Figure 10. Thermal conductivity of sediments as a function of hydrate saturation (S, %), at t = -5 £ 1°C: (1) fine sand,
W =19% and n = 0.40; (2) fine sand, W =22% and n = 0.60; (3) fine sand, W =15% and n = 0.38; (4) silty sand, W =24% and
n = 0.60; and (5) silty sand, W = 16% and n = 0.38 [45].

3.3. Effect of freezing

To study the effects of freezing on thermal conductivity, the samples saturated with hydrate
at t > 0°C were cooled from -5 to —8°C. Although hydrate had already saturated 50-60% of
the pore space before freezing and the hydrate formation almost ceased, the samples pro-
duced additional pore hydrate upon further cooling, in all runs (Table 2), more in silty sand
than in fine sand. Thus, a large portion of residual water that survived conversion to hydrate
at positive temperatures became consumed during cooling and freezing. Hydrate formation
became more active as the survived pore water froze up because cryogenic deformation of
the soil skeleton and release of dissolved gas produced new water-gas interfaces. The amount
of hydrate additionally formed as a result of freezing mainly depends upon soil mineralogy,
clay content, and water saturation.

Thermal conductivity decreased dramatically in freezing hydrate-saturated sediments
(Figure 11 A) but became 15-20% higher in hydrate-barren samples (Figure 11 B). The freez-
ing-induced thermal conductivity reduction was 10% in fine sand (from 1.96 to 1.77 W/(m-K))
but reached 50% in silty sand with W = 16% (2.01-0.96 W/(mK)) [45].

Type of soil W (%) S, (%)
Before freezing After freezing
Fine sand 16 58 71
Fine sand +14% kaolin 15 62 79
Silty sand 18 61 85
Silty sand 16 52 79

Table 2. Methane hydrate formation upon freezing of residual pore water [45].
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Figure 11. Variations in thermal conductivity of gas-saturated sediments upon cooling (to +2°C) and freezing: (A)
hydrate-bearing samples after freezing and (B) frozen hydrate-barren samples. Solid (red) and dash (blue) lines
correspond to samples saturated with gases that can and cannot form hydrates (methane and nitrogen, respectively): (1)
fine sand, W = 16%; (2) fine sand +14% kaolin, W = 15%; (3) silty sand, W = 18%; and (4) silty sand, W = 16%.

Thus, thermal conductivity may decrease dramatically in hydrate-saturated sediments
exposed to further freezing, whereby the survived pore water freezes up, as a result of addi-
tional hydrate formation. This behavior may be due to structure and texture changes in freez-
ing gas- and hydrate-bearing sediments. These are especially the effects of heaving or cracking
of hydrate-saturated soil or the formation of highly porous hydrate at grain boundaries, with
thermal conductivity as low as ~0.35 W/(m-K).

3.4. Effect of thawing

To study the effect of thawing on the behavior of thermal conductivity, the frozen sand sam-
ples that were saturated with hydrate at t < 0°C were heated to +2 + 1°C. The tests showed
additional hydrate formation in fine sand (Table 3), as in the case of freezing, but unlike the
latter case, it did not exceed 10% [45]. Faster hydrate generation upon thawing was attributed
to deformation of soil skeleton and formation of new water-gas interfaces. Additional hydrate
formation upon thawing of hydrate-saturated sand was more intense in the initially water-
saturated samples: 10 and 7% of additional hydrate formed in sandy samples with W =19 and
15%, respectively. As the frozen hydrate-bearing samples thawed, their thermal conductivity

Type of sediment W (%) S, (%) Thermal conductivity (W/(m-K))
Before thawing After thawing  Before thawing After thawing

Fine sand 19 0.64 0.71 1.80 1.70

Fine sand 15 0.57 0.61 1.86 1.76

Table 3. Thermal conductivity and hydrate saturation of frozen hydrate-bearing sand upon thawing (to +2 + 1°C) at
above-equilibrium methane pressure [45].
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Figure 12. Thermal conductivity variations of frozen hydrate-contain sands during methane hydrate dissociations
at t = -5 to -6°C and pressure 0.1 MPa: Data points (triangles and circles) are experimental measurements; lines are
approximation trends: (1) fine sand, W = 17% and n = 0.40; (2) silty sand, W = 17% and n = 0.40.

decreased (from 1.86 to 1.72 W/(m'K) or for 8%). Two main reasons of such reduction are (1)
thermal conductivity difference between pore ice and water and (2) hydrate saturation increase.

Thus, both freezing and thawing cause thermal conductivity reduction in frozen soils satu-
rated with methane hydrate at above-equilibrium pressures.

The observed thermal conductivity variations associated with hydrate formation at different
conditions (low positive and negative temperatures, freezing and thawing) indicate that this
behavior is mostly controlled by phase transitions in pore fluids and by structure and texture
changes in main sample constituents, which were explained by Chuvilin and Bukhanov [45]
in two models of structure and texture changes in gas-saturated sediment during hydrate
formation. These models can be used for reference in geomechanical and thermal simulations
of gas hydrate reservoirs, taking into account the conditions of pore hydrate formation, with
implications for methane recovery.

3.5. Effect of hydrate dissociation

The effect of hydrate dissociation on thermal conductivity of frozen hydrate-bearing soils
at below-equilibrium pressure was investigated in manmade sand samples at temperatures
about -5 to —-6°C and atmospheric pressure [48]. Pore hydrates in the frozen sand samples
failed to reach complete decomposition in the experiments due to their self-preservation
[49-52], with residual hydrate saturation (S,, %) up to 10% or more (Figure 12). The hydrate
dissociation was attendant with notable increase in thermal conductivity; it became 2.5 times
higher (from 0.57 W/(m-K) to 1.41 W/(m'K) as S, reduced from 40 to 15%) in fine sand and
more than three times higher as S, became 10% in silty sand. Thermal conductivity increase
in the end of the experiment was due to decrease in the amount of pore hydrate and increase
in pore ice, with residual hydrate saturation (Sh, %) of 10% (Figure 11). Low thermal con-
ductivity of frozen hydrate-bearing samples (0.5-0.6 W/(m-K)) for first few minutes after the
equilibrium pressure drop to the atmospheric value (0.1 MPa) may result from both high con-
tents of pore hydrate and formation of microcracks in this hydrate which heal up afterward
during its dissociation [53].
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4. Conclusions

Thermal conductivity of wet porous fine-grained soils depends on particle size, mineralogy,
pore space structure, and moisture contents, as well as on the phase state and phase change
of pore fluids. The effects of water—ice, water—gas hydrate, and ice—gas hydrate transitions
were studied in experiments, which show the phase change direction and relative contents of
water phases in the pore space to be principal controls of thermal conductivity. It increases
in wet porous sediments subject to freezing and subsequent cooling, primarily, due to pore
water-to-ice conversion at a wide range of negative temperatures. However, the process may
induce microcracking, which may reduce thermal conductivity.

Thermal conductivity of frozen sediments mainly depends on lithology, salinity, organic mat-
ter content, and absolute negative temperature, which affect the amount of residual liquid
phase (unfrozen water) in frozen soils. Namely, thermal conductivity commonly decreases as
soil contains more unfrozen water, in the series ‘fine sand - silty sand — sandy clay — clay’, as
well as at increasing salinity or organic (e.g., peat) contents.

As demonstrated by our experiments, thermal conductivity can either increase or decrease
depending on hydrate formation conditions. Namely, it increases if gas hydrates form at
positive temperatures (t > 0°C) but decreases during hydrate formation in frozen samples.
Freezing and thawing of hydrate-bearing sediments above the equilibrium pressure reduces
their thermal conductivity due to additional hydrate formation. On the other hand, thermal
conductivity of hydrate-bearing frozen sediments may increase during dissociation of pore
hydrates due to their self-preservation. It increases as the pore space contains smaller amounts
of hydrates but more ice which is four times more thermally conductive.
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Abstract

A vacuum tight glass edge seal’s thermal conductivity is one of the principal factor in
determining the heat distribution towards the centre of pane, ultimately influences the
thermal transmittance (U-value) of a triple vacuum glazing. So far indium and solder glass
have proven to be vacuum tight edge sealing materials but both have certain limitations.
In this chapter, a new low-temperature vacuum tight glass edge seal composite’s thermal
conductivity, Cerasolzer CS186 alloy and ]J-B Weld epoxy-steel resin, were measured and
validated with the mild-steel and indium using transient plane source method with a
sensor element of double spiral and resistance thermometer in a hot disk thermal con-
stants analyser TPS2500s are reported. The thermal conductivity data of Cerasolzer CS186
alloy and J-B Weld epoxy steel resin were measured to be 46.49 and 7.47 Wm ™' K™, with
the deviations (using analytical method) of +4 and +7% respectively. These values were
utilised to predict the thermal transmittance value of triple vacuum glazing using 3D finite
element model. The simulated results show the centre-of-glass and total U-value of
300 x 300 mm triple vacuum glazing to be 0.33 and 1.05 Wm > K, respectively. The
influence of such a wide edge seal on the temperature loss spreading from the edge to the
central glazing area is analysed, in which the predictions show wider edge seal has
affected the centre-of-glass U-value to 0.043 Wm > K~ due to the temperature gradient
loss spread to 54 and 84 mm on the cold and warm side respectively.

Keywords: thermal conductivity, transient plane source, triple vacuum glazing,
thermal performance, vacuum seal
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1. Introduction

Carbon reduction and energy efficiency of domestic buildings have been one of the major
global concerns due to limits with climate change [1]. Energy efficiency can be improved by
high performance smart windows, high levels of wall insulation, efficient appliances and
effectiveness of renewable energy results in saving financial cost to consumers and carbon
dioxide emissions [2, 3]. One of the main functions of a smart triple vacuum glazed windows is
to reduce heat flow between indoors and outdoors, i.e. to provide preeminent thermal insula-
tion so called thermal transmittance (U-value) [4]. It depends on the number of glass panes, the
space between glass panes, emissivity of the coatings on glass pane, frame in which the glass is
installed, the type of spacers that separate the panes of glass and the type of window frame.
The total U-value includes the effect of the frame and the glazing edge area. An influence of the
glazing edge area is dependent on the width and the type of edge sealing material.

The hermetic edge seal of a triple vacuum glazing must be capable of maintaining vacuum
pressure of less than 0.1 Pa in order to suppress gaseous conduction for long term duration [5].
Sealing of two glass panes edges using high power laser through quartz window in vacuum
chamber was developed by Benson et al. [6]. This achieves hermetic seal but the level of
vacuum was not less than 0.1 Pa, due to gases and vapour particles caused by lasering remain
in the cavity [7]. High temperature edge sealing technique developed by the Collins group at
the University of Sydney is based on material solder glass sealed at high temperature around
450°C [8-10]. This technique achieved significant centre of pane U value of 0.8 Wm > K™ ' and
considered at commercial level. The problems with high temperature method of sealing is
degradation of low emittance coatings only hard coatings can be used, if using toughened
glass then loss of toughness, and require more amount of heat energy for fabrication due to
heat require for several hours. Low temperature solder glass material was investigated to form
a hermetic edge seal, but durability was a problem due to the absorption of moisture. Polymers
have problems of gas permeability and out gassing [7]. Low temperature edge sealing tech-
nique developed at the University of Ulster is based on Indium alloy sealed at low temperature
process about 160°C. It requires secondary adhesive seal to prevent access from moisture
[11, 12]. A low temperature sealing process allows the use of low emittance soft coatings
reduces radiative heat transfer between glass panes and toughened glass allows to increase
support pillar spacing reduces conductive heat transfer. The problem with low temperature
edge sealing material is indium alloy is high-priced and for long term cost effective vacuum
glazing, this method is not encouraged at commercial level [13, 14].

A new low-temperature composite materials and methods of fabrication was reported in
Memon et al. [15]. In which CS-186 type of Cerasolzer and steel reinforced epoxy by J-B resin
were used for the development of triple vacuum glazing as shown in Figure 1. In this chapter,
the experimental measurements of thermal conductivity of this composite material are
reported. The significance of this study is to analyse the influence of edge area on the thermal
transmittance of the composite edge seal for the fabrication of triple vacuum glazing. This
value of the thermal conductivity was then used to develop model using finite element method
to predict the influence of its wider edge seal and due to its thermal conductivity on the
thermal performance.
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Figure 1. A schematic diagram of vacuum tight dual edge sealed triple vacuum glazing.

2. Methodology

A number of different instruments are available for the measurement of the thermal properties
of materials [16]. There are two main methods, steady state method and transient. The steady
state approach is further divided into one dimensional heat flow and radial heat flow tech-
niques. One dimensional heat flow technique include the guarded hot plate method which is
the ASTM standard based measurement system used for highly insulating materials. The
radial heat flow technique includes cylindrical, spherical and ellipsoidal methods. There are a
number of transient methods, which can be used for the measurement of thermal conductivity
such as hot wire, transient hot strip and transient plane source methods. The experimental
measurements of thermal conductivity performed in this study were undertaken using a Hot
Disk thermal constants analyser TPS 2500 s. This system is based on the transient plane source
(TPS) method. The TPS method consists of a sensor element in the shape of a double spiral
which acts both as a heat source to increase the temperature of the sample and a resistance
thermometer to record the time dependent temperature increase [17]. In the current experi-
ments, a sensor of design 7577 was used which is made of a 10 um thick Nickel-metal double
spiral. The radius of the sensor was chosen to be 2.001 mm in order to reduce the size of the
sample. It is advised [18] that the diameter of the sample should not be less than twice that of
the sensor diameter and the thickness of the sample should not be less than the radius of the
sensor. The sensor element is usually insulated with a material to provide electrical insulation.
The material used is dependent on the operating temperatures. A thin polyamide (Kapton)
insulating material was chosen for the sensor insulation which is suitable from cryogenic
temperatures to about 500 K [19].

A sensor is placed between two flat cylindrical samples, as shown in Figure 2. Passage of a
constant electric power through the spiral produces heat, increases the temperature and there-
fore the resistance of the spiral sensor as a function of time which can be expressed according
to Gustavsson et al. [16] as,

R(t) = Ro{1 + @[AT; + AT (7)]} (1)

135



136  Impact of Thermal Conductivity on Energy Technologies

Hot Disk Sensor

£z
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Figure 2. A schematic diagram of the pair of samples and the hot disk sensor placed in between two flat cylindrical
samples.

where R, is the resistance in ohms before the sensor is heated or at time t = 0 s, ¢ is the
temperature coefficient of the resistivity (TCR) of the sensor 7577 i.e. 46.93 x 107 * K ™!, AT; is
the initial temperature difference that develops momentarily over the thin insulating layers
which cover the two sides of the sensor. The thermal conductivity of the sample can be
expressed according to Bohac et al. [19] as,

P,
k= T00.0.AT e (T) D) @
= \/tE )
2
te = ; (4)

Where « is the thermal diffusivity of the sample in mm?*s™'. From the experimentally recorded
temperature increase over D(7) a straight line can be plotted which intercepts AT;, and slope

of #”() which allows the thermal conductivity to be determined. The final straight line
T2.0.AT e (T

from which the thermal conductivity measured is obtained through a process of iteration [17].
During a pre-set time, 200 resistance recordings are taken and from these a relation between
temperature and time is established.

3. Results and discussions

3.1. Experimental measurements of the thermal conductivity of the hermetic edge seal

In order to validate the measurements of Cerasolzer allow and J-B Weld epoxy the results
were compared with several measurements of the samples of Mild Steel (MSteel) and Indium
in four repetitive experiments, combined the cut faces flatten to reduce the experimental
errors. The experimental data are plotted in Figure 3. As can be seen this work is verified by
the reported data of Mild steel and Indium. An increase of temperature with respect to
reporting time interval have similar deviations and the highest increase of temperature was
recorded for JB-Weld which gives a good agreement with the experimental data. The average
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temperature increase measured by the TPS sensor type 7577 of the mild steel, indium, J-B
Weld epoxy steel resin and Cerasolzer CS186 samples are shown in Figure 4. It can be seen
that the increase in temperature in the epoxy J-B Weld is greater than the mild steel. This is
due to the fact that heat flow in semi-polymeric materials is low compared to metallic
materials. The temperature increase in the sample made from Cerasolzer alloy was higher
than the indium sample [20, 21].

An average thermal conductivity of a mild steel type SIS2343 sample was measured to be
13.76 Wm ™' K. The reliability of the measured thermal conductivity is compared with the
standard measurement value given in the standard data sheet i.e.13.62 Wm ' K~'. An average
thermal conductivity of the indium sample was measured to be 77.84 Wm ' K ' with a
repeatability of four times. The thermal conductivity measurement for Cerasolzer alloy and
J-B Weld epoxy steel resin, as detailed in Table 1, with the deviations were calculated to be +4
and £7% in the experimental measurements as compared with the analytical methods as
detailed in the Section 2.
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Figure 3. Experimental results as function of temperature increase for JB-weld and Cerasolzer in comparison to the
verified mild steel and indium.
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Figure 4. The average recorded temperature increase using the TPS sensor type 7577 for the samples made from mild
steel, indium, J-B weld epoxy steel resin and Cerasolzer CS186.

Sample Thermal conductivity at 21°C (Wm ' K™) Measuring time Power output from sensor
(Deviation) (second) (watts)

Mild Steel 13.76 (1%) 20 1

Indium 77.84 (7%) 20 1

Cerasolzer 46.49 (£4%) 20 1

CS186

J-B Weld 7.47 (£7%) 20 1

Table 1. Measured thermal conductivities of Cerasolzer alloy CS186 and J-B weld epoxy steel resin and measurements of
mild steel and indium.

3.2. Thermal performance analysis of hermetic edge sealed triple vacuum glazing

By utilising the measured thermal conductivities of Cerasolzer alloy as primary seal and JB-
Weld as secondary seal, as detailed in Table 1, a 3D FE (finite element) model based on a
commercial software package MSC Marc was employed to analyse the heat transfer and
predict the thermal performance of the triple vacuum glazing. The symmetry of the model
was exploited to simulate the heat transfer process in computationally efficient way; only one
quarter (150 x 150 mm) of the triple vacuum glazing of dimensions 300 x 300 mm was
modelled and simulated using ASTM boundary conditions [22]. Three k glass sheets having
thermal conductivity of 1 Wm ' K~ with SnO, coatings on inner surfaces with the emissivity
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of 0.15 were used. The support pillars were incorporated into the model explicitly [23]. This is
based on the actual stainless steel pillar array having 16.2 Wm ™' K™ of thermal conductivity.
The number of support pillars was employed in the triple vacuum glazing that represented by
the same number of pillars in the developed finite-element model. Since modelling the pillars
with circular cross-section would lead to non-uniform mesh with distorted elements around
the pillar, they were modelled using square cross-section (considered the diameter of 0.3 mm,
height of 0.15 mm and pillar separation of 24 mm). Additionally, it is already established in the
literature that the heat transfer through the pillar does not depend upon its shape but its cross-
sectional area under certain boundary conditions [24, 25]. In order to keep the cross-sectional
area similar to circular pillar with radius 7, the side length of each square used is 1.78 r. The FE
model implemented eight-node iso-parametric elements, with a total of 170,455 elements and
201,660 nodes to represent a quarter of the fabricated triple vacuum glazing. In FE model, the
evacuated gap between glasses was represented with as a material with almost zero thermal
conductivity to represent triple vacuum glazing. For sake of simplicity, the influence of resid-
ual gas among glasses was neglected in the model. In order to achieve realistic results from the
simulation, a graded mesh with large number of elements was employed in the pillar. In
addition to this, a convergence study was performed on the pillar to ensure the accuracy of
the thermal performance predicted using the model. The material properties of the glass sheets
applied to the models are those found in [22] and summarised in Table 2. The ASTM weather
indoor/outdoor boundary conditions were employed in which the indoor and outdoor surface
air temperatures were set to be at 21.1°C and —17.8°C respectively in winter conditions [23].
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Type Details Value
TVG size Top 284 by 284 by 4 mm
Middle 292 by 292 by 4 mm
Bottom 300 by 300 by 4 mm
Glass sheet Thermal conductivity 1Wm 'K
Surface coating Three low-e coatings € of 0.15 (SnOy)
Glass sheet support-pillar Thermal conductivity 162 Wm 'K
Material Stainless steel 304
Diameter 0.3 mm
Height 0.15 mm
Spacing 24 mm

Hermetic edge seal (Primary)

Measured thermal conductivity

46.49 Wm ' K!

Material Cerasolzer CS-186
Width (wideness) 10 mm

Support seal (Secondary) Measured thermal conductivity 747 Wm 'K
Epoxy steel resin J-B Weld
Width (wideness) 4 mm

Table 2. Parameters employed in FEM of the fabricated sample of triple vacuum glazing.
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The internal and external surface heat transfer coefficients were set to 8.3 and 30 Wm 2 K~!
respectively [26].

The finite element 3D modelling results show a centre of glass and overall U-value of 0.33 and
1.05 Wm 2 K, respectively, this is compared to the predictions of [26] i.e. 0.2 Wm > K ' and
[27] i.e. 0.26 Wm 2 K ! as follows.

The U value (centre of glass) 0.2 Wm > K ! [13] was based on the parametric model of
triple vacuum glazing without frame focused on the central glazing area. This value was
achieved with 6 mm (top), 4 mm (middle) and 6 mm (bottom) thick untampered soda lime
glass sheets having four layers (1-top, 2-middle and 1-bottom) of low-e coatings (¢ of 0.03). It is
compared with the results of this paper, it is found that an increase of U value (centre-of-glass)
0.13 Wm 2 K. Such deviation is due to the design of the fabricated sample reported in this
paper which is made of 4 mm(top), 4 mm (middle) and 4 mm(bottom) untampered soda lime
glass sheets having three layers of low-e SnO, coatings (¢ = 0.15). The reason, to use such
dimensions and SnO, coatings, is the conventional availability of glass sheets from Pilkington
Glass and its use in the UK dwelling.

The influence of edge effects is well-detailed in Fang et al. [27, 28] and reported predicted the U
values (centre-of-glass and overall) to be 0.26 and 0.65 Wm > K™ !, respectively. These values
were reported for a TVG sample size of 500 x 500 mm with 4 mm (top), 4 mm(middle) and
4 mm (bottom) un-tempered soda lime glass sheets having four layers (1-top, 2-middle and
1-bottom) of low-e coatings (¢ of 0.03) with a frame rebate depth of 10 mm and the width of
indium-alloy edge seal 6 mm (k of 83.7 Wm! K_l). It can be compared, considering all factors,
with the results of this paper. It is found that an increase of 0.07 Wm ™ K (deviation of 26.9%)
and 0.4 Wm 2> K™ (deviation of 61.54%) of centre of glass and overall U value, respectively. Such
deviations, as per FEM calculations, are due to: the sample size influences to a small extent as the
TVG fabricated sample size was of the size 300 x 300 mm, the width of the edge seal influences
to a large extent because the TVG fabricated sample width of edge seal used was total 14 mm
(10 mm wide Cerasolzer seal and 4 mm wide J-B Weld supportive seal), the use of three SnO,
low-e coatings (¢ of 0.15) in the fabricated sample instead of four Ag low-e coatings (e of 0.03),
and there is no frame rebate depth utilised in the fabricated sample of TVG that has an influence
to a small extent on the overall U value of the TVG because the purpose of this paper is focused
on the hermetic sealing materials thermal conductivities and triple vacuum glazing area thermal
performance only. By accounting all these factors and including the thermal conductivity of the
sealing materials, the FEM model predictions are in good agreement.

The simulated isotherms of the triple vacuum glazing for the outdoor and indoor surfaces are
shown in Figure 5. The mean glass surface temperatures were simulated to be —12.55 and
6.71°C for the outdoor and indoor surfaces of the total glazing area. The mean surface temper-
atures for the centre of glass area were simulated to be 16.43 and —16.60°C for the outdoor and
indoor surfaces respectively. It can be seen the temperature discrepancies on the outdoor side
are smaller than the indoor side. This is, however, due to the use of 14 mm composite edge seal
as compared to the edge seal thickness of 6 mm [28]. Thus, the edge effects need to be reduced
by narrowing the width of edge-seal to 9 mm (6 mm and 3 mm for primary and secondary
respectively) which reduces the centre-of-glass U-value of 0.043 Wm > K",
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Figure 5. The FEM based isotherms on (a) the indoor (b) the outdoor glass surface showing the temperature variations
from the edge area towards the central glazing area.

A finite element calculations of the temperature loss due to a wider edge seal are analysed,
along the outer surface lines AA and BB (as shown in Figure 5), showing the temperature
gradient from the glazing edge to the central area of the glazing as illustrated in Figure 6. An

Temperature (°C)
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—Line AA

, warm (indoor side) glass surface

Line AA, cold (outdoor side) glass surface 2 BB, cold (outdoor side) glass surface
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Figure 6. The temperature loss, due to a wider edge seal, along the glazing surface lines AA and BB showing the
temperature gradient from the glazing edge to the central area of the glazing of the one quarter of total sample of
300 x 300 mm using ASTM boundary conditions.
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influence of wider edge seal on temperature loss around the edge area has affected the centre-
of-pane U value. Figure 6 shows there are smaller temperature gradients on the cold surface as
compared to the warm surface of the glazing which is due to the periodic shape of the edge
sealing area of triple vacuum glazing as shown in Figure 1(b). It can be seen the influence of
temperature gradient loss spread to 54 and 84 mm on the cold and warm side respectively.
When comparing with the temperature gradient profiles of [26, 27] the results are in good
agreement with the results presented in this paper.

4. Conclusions

In this study, a hot disk thermal constants analyser TPS 2500s using transient plane source
technique with a sensor element in the shape of double spiral and resistance thermometer is
proved to be an adequate in measuring and analysing the thermal conductivity of hermetic
edge sealing materials (i.e. Cersolzer CS186 and J-B Weld). The technique was validated by
measuring the thermal conductivity for Mild Steel and Indium and comparing these results
with those available in literature. This validated technique based on hot disk thermal constants
analyser was then used to measure thermal conductivity of Cerasolzer C5186 alloy and J-B
Weld epoxy steel resin and found to be 46.49 and 7.47 Wm ™' K™/, respectively. It has been
shown that an increase in temperature has direct relation with respect to reporting time with
highest increase in temperature was recorded for JB-Weld for a given time period, which is in
agreement with the experimental data. It has also been shown that the increase in temperature
in the epoxy J-B Weld is greater than that of mild steel. This observation is linked to the fact
that the heat flow in semi-polymeric materials is less as compared to that of metallic materials.
The temperature increase in the sample made from Cerasolzer alloy was higher than that
of indium sample. These values were utilised for the numerical prediction of thermal perfor-
mance of triple vacuum glazing using 3D FE model. The simulated resulted showed that
the centre-of-glass and total U-value of 300 x 300 mm triple vacuum glazing are 0.33 and
1.05 Wm ™2 K, respectively. The thermal transmittance values can be reduced by using soft
low emittance coatings and by reducing the width of the hermetic edge seal to 9 mm. An
influence of wider edge seal on temperature loss spreading from the edge to the central glazing
area was further analysed with the FEM model calculations. In which it is concluded that the
wider edge seal has affected the U-value to 0.043 Wm 2 K ! because of the temperature
gradient loss spread to 54 and 84 mm on the cold and warm side respectively.
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Nomenclature

a overall radius of the sensor [m]

d thickness of the glass sheet [mm)]

D dimensionless time dependent variable
k thermal conductivity [Wm 'K

P, total output power from the sensor [W]
R resistance [ohms]

t time [s]

AT; initial temperature difference [K]

ATae(t) average temperature increase of the sample surface on the other
side of the sensor [K]

T temperature [°C]

u thermal transmittance [Wm 2 K]
Abbreviations

ASTM American Society for Testing and Materials

CALEBRE consumer appealing low energy technologies for building retrofitting

CIBSE chartered institution of building services engineers
FEM finite element model

TPS transient plane source

TVG triple vacuum glazing

Subscripts

ave. average

0 before the sensor is heated at

c t =0 s characteristic

Greek letters

p density [kgm_3]

a thermal diffusivity of the sample [mm?s™]
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T dimensionless time dependent function

Q@ temperature coefficient of the resistivity [K ']
¢ heat loss [W]

£ emittance
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Abstract

Herein, we report a method for structural characterization as well as TE properties mea-
surements of individual single-crystalline Lead telluride (PbTe) NWs by employing a
new microchip design. In this work, the single PbTe NW was characterized in four dif-
ferent types of measurement: structural characterization, Seebeck coefficient S, electrical
conductivity o, and thermal conductivity k. The structural characterization by transmis-
sion electron microscope (TEM) revealed that the PbTe NWs were high-quality single
crystals with a growth along the [100] direction. The TE properties S, 0, and x measure-
ment results of individual 75 nm PbTe NW at room temperature were -54.76 uV K7,
1526.19 Sm™, and 0.96 W m™ K, respectively. Refer to the result of S, 0 and «; the figure
of merit ZT values of a 75 nm PbTe NW at the temperature range of 300-350 K were
1.4-4.3 x 107°. Furthermore, it was observed that the x value is size-dependent compared
to previous reported, which indicates that thermal transport through the individual PbTe
NWs is limited by boundary scattering of both electrons and phonons. The results show
that this new technique measurement provided a reliable ZT value of individual NW
yielded high accuracy for size-dependent studies.

Keywords: lead telluride, nanowires, thermal conductivity, size-dependent, figure of merit

1. Introduction

Recently, nano-engineered thermoelectric (TE) materials used for converting waste heat into
electricity have become an interesting research topic. TE energy converters are devices that

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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can harvest renewable energy for power generation and thermal sensing application [1-3].
The efficiency of TE materials is evaluated based on the dimensionless figure of merit ZT,
which is written as S’0T/(x, + ), where S, 0, k¥, and «k, denotes the thermal power or Seebeck
coefficient, the electrical conductivity, the electronic thermal conductivity, and the lattice
thermal conductivity, respectively. The quantity of S%c is defined as the power factor (PF).
Theoretically, a reduction in dimensionality from three dimensions to one dimension yields
a dramatically increased electronic density of states (DOS) at the energy band edges and a
decreased thermal conductivity. As a result, the thermoelectric PF and assuredly ZT value
enhances [4, 5]. Numerous studies have reported that the enhancement of ZT value in nano-
materials is the result of quantum confinement effects and increased surface phonon scatter-
ing [3, 6, 7].

Due to the nanometer scale effect, it is believed that in NWs comprising TE materials, such as
PbTe, the value of S is higher than its bulk counterpart [8, 9]. According to the certain carrier-
scattering assumptions, the enhancement of S value occurs because of the sharp increase in
the local DOS around the Fermi level, which also can be interpreted as an increased local
DOS effective mass (m,*). However, with the overall benefit of such an improvement in S,
nanosize will cause a declining in carrier mobility (1) and thus affect to the decreasing the
ZT value. This is occurs because the increased local DOS usually leads to a heavier trans-
port-effective mass of carriers. In the most well-known high-temperature TE, the carriers
are predominantly scattered by phonons. [10] Increasing the S is an obvious goal for obtain-
ing a high efficiency TE materials. Nevertheless, other changes in transport properties often
sacrifice the o correlated with an increase in the S and thus do not ultimately lead to an
improvement in ZT.

In order to unveil the size effect on the intrinsic physical properties of TE materials, the mea-
surement of nanowire without interference from either the matrix or external contacts is
imperative. Furthermore, the TE properties measurement as well as structural characteriza-
tion on single nanowire is also crucial in terms of the accuracy and reliability of the resulting
ZT value. The low accuracy may occur because every single nanowire, although in the same
batch synthesis process, may have a different structure or TE properties. However, measuring
all properties on single nanowire is still challenging due to the unavailability of NW micro-
chip which is compatible for all type measurements.

In this chapter, the synthesis and structural characterization of PbTe NWs as well as the prep-
aration of newly design NW’s microchip to resolve the above mentioned problem will be
described in the first section. For synthesizing the NW, an alternative free-catalyst technique,
the stress-induced growth method will be introduced. In the second section, we will discuss
about their TE properties (S, 0, and «).

Type of TE NW used in this chapter was single-crystalline PbTe NW. PbTe is a semiconductor
with an energy band gap of 0.31 eV at 300 K [11-14]. In recent years, it has been found that PbTe is
one of the superior TE materials in the temperature range of 400-900 K. This material has a large
Seebeck coefficient, a very low «, (2.2 W m™ K™ at 300 K) [15] and a good electrical conductivity
when appropriately chemical doped [16]. The synthesis of low-dimensional PbTe NWs has been
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intensively explored in the past decades [17-27]. Besides that, there have also been some studies
on the TE properties of PbTe-based nanostructures such as PbTe/PbSeTe quantum dot superlat-
tice [28] and PbTe NWs [20] with room temperature ZT value 0.75 and 0.0054, respectively.

2. Synthesis and structural characterization of PbTe NWs

2.1. Synthesis of PbTe NWs

In this work, the synthesis of single-crystalline PbTe NWs via a stress-induced method is
described elsewhere [27], in a way similar to the on-film formation (ON-OFF) growth of other
semiconductor NWs. [29] Briefly, the PbTe was made by mixing elemental Pb (Alfa Aesar, -200
mesh, 99.9%) and Te (Alfa Aesar, =325 mesh, 99.999%) inside a carbon-coated silica tube. After
that, the resulting mixtures inside the tube was vacuumed up to 107 Torr, sealed, and slowly
heated to 1000°C over a period of 12 hours. On the top of the heating process, the temperature
was held for 4 hours, and then cooled down to room temperature. The resulted ingot was then
cut by a diamond saw into a disc shape with a diameter of 10 mm. Before fabricating the PbTe
films, the disc target and substrates were both ultrasonically cleaned in acetone, isopropanol,
and then rinsed with deionized water. The PbTe films were prepared by depositing the synthe-
sized PbTe ingot on single-crystal 5iO,/Si (100) substrates in a pulsed laser deposition (PLD)
system (LPX Pro 210). The base pressure of the vacuum system was 5.0x107 Torr. The excimer
laser was applied for 15 min at room temperature with energy and frequency of 140 mJ and
10 Hz, respectively. The substrate rotation speed was approximately 10 rpm. With the all men-
tioned set up, the total thickness of the PbTe films was about 20 nm. To synthesis PbTe NWs,
the PbTe films were sealed in a vacuumed quartz tube below 5x107¢ Torr, annealed at 450°C for
5 days, and then cooled slowly to room temperature. During the annealing process, the NWs
grew from the film to release the compressive stress caused by the difference in thermal expan-
sion coefficients between the PbTe film (19.8x10°%/°C) and the SiO,/Si substrate (0.5x107/°C)/
(2.4x107¢/°C).

2.2. Microchip preparation

As mentioned above, the challenge in working with TE NW was the measurement of thermo-
electric properties as well as structural analysis on specific single-crystalline nanowire, to get a
high accuracy of ZT value. Here, in order to solve that problem, a novel design of microchip was
discussed. The preparation processes of the measurement platform are shown in Figure 1. First,
the silicon (Si) wafer with Si,N, layer (Figure 1a) on both sides was covered with the photoresist
by using spin coating method (Figure 1b), followed by standard photolithography processes.
After that the exposure soluble photoresist can be developed by the developer. The Si wafer was
then put into the reactive ion etching system (RIE, Model: ANELA DEM-451T) for dry etching.
The unprotected Si,N, will be etched by the reactive ion. Then, the wafer is immersed into potas-
sium hydroxide (KOH) solution for wet etching. The silicon which is exposed to KOH will be
etched and leaving a thin Si,N, membrane for further processes.
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Figure 1. Schematic Si,N, membrane template preparation: (a) the silicon wafer with Si,N, on the both sides, (b) substrate
is spin coated with photoresist, (c) Photoresist is exposed to a rectangular pattern with ultraviolet light, (d) soluble
photoresist can be developed by the developer, (e) removing Si,N, layer by reactive ion etching system (RIE), (f) dip the
wafer into a bath of KOH for wet etching to create a cavity and leave a suspended Si,N, membrane, and (g) strip the
photoresist.

The standard photolithography processes were used to define the contact pads of the mea-
surement platform. As shown in Figure 2, first, Si wafer with Si,N, membrane is covered with
photoresist material by spin coating, followed by exposure, evaporation, and lift-off process.
The developed primary measurement platform is then ready to be used.

The flow chart of the suspending process of a nanowire on the measurement platform (micro-
chip) was shown in Figure 3. Resistance temperature detectors (RTDs) and current leads were
fabricated on the primary measurement platform by electron beam lithography [E-Beam
Writer System, Model: Elionix ELS-7000 (100 keV)]. The Si,N, membrane was removed by
inductively coupled plasma etching system (ICP, Model: Elionix EIS-700) to open the win-
dow. After that, the single nanowire from the PbTe thin film was picked up by a tungsten
needle (dw = 100 nm) under a binocular optical microscope and placed across on two RTDs
of a 5i,N, microchip, where both ends of the nanowire attached to the current leads. In order
to improve thermal and electrical contacts between the nanowire and the contact pads, the
contacts of the nanowire on thermometers and current leads were covered with a thin layer of
Platinum (Pt) using a focused ion beam (FIB) [DBFIB-SEM, FEI NOVA-600].

To examine how good the prepared contact, the contact resistance of all four points (point
1, 2, 3, and 4) as depicted in Figure 4 were measured. First, the known direct current (DC)
was applied between contacts 1 and 4 (4 probes) and then the voltage drop across contact
2 and 3 (2 probes, see Figure 4) was measured. The total resistance of two-point probe
configuration is expressed as R R . +2R +R_ . Wherein, R R R v and

2point T Mead contact 2point/ ~ “lead”
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Figure 2. Schematic of depositing outer electrodes of the template: (a) silicon wafer with Si.N, membrane, (b) substrate is
spin coated with photoresist, (c) photoresist can be exposed to a pattern by ultraviolet light, (d) soluble photoresist will
be developed by the developer, (e) the Cr/Au electrodes are deposited by thermal evaporator, (f) lift-off the photoresist
by acetone, and (g) measurement platform is ready to be used.

R represents resistance between point 2 and 3, resistance of Cr/Au electrodes, resistance

of contacted NW to electrode, and NW resistance, respectively. The resistance of R, . and

R, were measured by two and four-point probes. Whilst, in order to obtain the contact
resistance as R = (R -R /2, R, (<10 Q) was neglected. The measurement result of

cont
R, e Was about 6-7% from R value. Since the power dissipation at the contacts is much
smaller than the minimum power for 3w signal, the resultant contact resistance supposedly
does not affect the third harmonic signal. Furthermore, the contact metal pads act as large
thermal reservoirs where the temperature is kept constant at the initial temperature during

the experiment.

2point

In addition, the prepared nanowire exhibited a linear current-voltage (I-V) curve wherein
indicated the Ohmic contact response; the current range within 0 to 100 pA indicating the
resistivity of NW follows the Ohm’s law. An Ohmic contact is an electrical junction between
two conductors which has a linear current-voltage (I-V) curve following the Ohm’s law.
Low resistance Ohmic contacts are applied to facilitate the flow of charge in both directions
between the two conductors, without blocking from the excess power dissipation due to volt-
age thresholds. The contact quality has a contribution to both an electrical and a thermal
effect, such as, if the electrical contact resistance is too high, the third harmonics measure-
ment will be influenced by the heat dissipation occurred at the contacts due to Joule heating.
Furthermore, incorrect selection of a working frequency will develop an error experiment
results. Therefore, the AC impedance measurements with no electrical artifacts involved were
utilized to choose a correct working frequency.
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Figure 3. Flow charts of the suspending process of a nanowire on the measurement platform.

2.3. Structural characterization of PbTe NWs

The size and crystalline structure of PbTe NWs were characterized by scanning electron micro-
scope (SEM) and transmission electron microscope (TEM). The SEM image of grew PbTe NWs
on the substrate (Figure 5a) reveals that the length and the diameter of NWs were ranging from
5 to 70 um and 50 to 300 nm, respectively. The NWs with length about 70 um was picked up,
placed, and contacted on the microchip as shown in Figure 5b. The prepared contacts have a
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Figure 4. A schematic setup of four-point probe for measurement of electrical resistance (R), Seebeck coefficient (S) and
the thermal conductivity (k) by 3w method.

10.10pm

Pb'l't.! NW
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Figure 5. (a) SEM image of PbTe NWs grew on the surface of the PbTe thin film, (b) SEM images of a PbTe NW suspended
on a Si,N, template, inset: the Pt/C thermal contact between the PbTe NW and 10-nm Cr/50-nm Au electrodes on a Si,N,
microchip, (c) low-magnification TEM images of a PbTe NW, inset of the top left of figure: the SAED pattern (at the [001]
zone axis), inset of the bottom right of figure: a high-resolution TEM image of a PbTe NW.

resistance about 425430 (), wherein showed nearly Ohmic contacts. The microchip consisting
of PbTe NW displayed in Figure 5b was used for complete structural analysis and TE proper-
ties measurements. The representative TEM image showed that the employed PbTe NWs has a
diameter of 75 nm (Figure 5c) and this size was further convinced by the scanning transmission
electron microscope (STEM) result (Figure 6a). In addition, the TEM image and a correspond-
ing selected-area electron diffraction (SAED) pattern (inset of the top left of Figure 5c) revealed
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200 nm 200 nm

. Element | Atomic %
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Pb 53.41 | 54.09 | 55.07
Te | 4659 | 4591 | 4493 |
Pb, 5, Teqq; Pby Tegg, | PhyaTegy
I Average Pb, g5 Tege, I

Figure 6. (a) STEM images of a PbTe NW. The line profiles show that the Pb (blue line) and Te (red line) are homogeneously
distributed throughout the NW, (b) and (c) elemental mapping showing the uniform distribution of Pb and Te along the
NW, respectively.

that the PbTe NWs were high-quality single crystals with a growth along the [100] direction.
While, the lattice fringes of the smooth PbTe were separated by 0.33 nm (inset of the bottom
right of Figure 5¢). This is consistent with a periodicity along the [200] direction with lattice
constants of approximately 6.549 A, which are approximately 1.2% higher than the bulk coun-
terpart (a =6.47 A).

The chemical composition of the PbTe NWs was studied by using energy disper-
sive X-ray spectroscopy (EDS). The EDS line scan profile, shown in Figure 6a, revealed
the uniform spatial distribution of the Pb and Te elements throughout the NW. This
was further confirmed by using a STEM to map elements across the NW [Figure 6b and
c]. The EDS point scanning experiments of the NWs quantitatively confirmed that Pb
and Te are present in an average atomic ratio of 54.19 and 45.81% (Table in Figure 6),
respectively. In addition, the EDS data also revealed that the atomic ratio of Pb/Te = 1.18,
with no impurities. As a result, the stoichiometric composition of the individual NW was
PbLOSTeOBZ'

3. Thermoelectric properties

As mentioned before that the microchip with a rectangular window which shown in Figure
5b was employed to measure the TE properties of NW, i.e. electrical resistivity (p) and Seebeck
coefficient (S). In this experiment, the PbTe NW was placed across two resistance thermom-
eters, hot side thermometer Th (a gold wire parallel line to the heater between contact elec-
trodes 7 and 8 which is marked as red arrows in Figure 5b) and cold side thermometer Tc (a
gold wire between the contact electrode 9 and 10, Figure 5b) with both ends of the NW attach
to the current leads (electrode 1 and 2, Figure 5b). To measure the V1w and V3w signal, elec-
trodes 3 and 4 (voltage leads) were connected to lock-in amplifier. The thermal conduction
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Figure 7. Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, and (c) power factor of a 75 nm
PbTe NW.

from NW to the microchip substrate that affects the S and p measurement was assured zero.
Furthermore, in order to eliminate convectional heat loss, all measurements were carried out
in a high vacuum of at least lower than 2x107 Torr.

Four-point probe method was applied for p measurement. In this work, an AC current
flowed to the NW via electrode 1. The voltage (V) and current (I) difference between elec-
trode 1 and 2 was measured through the voltage leads. A pair of current leads into the NW
to determine the root mean square of the voltage difference of a pair of voltage leads. By
substituting the obtained V and I value to the V =IeR formula, the resistance (R) value is
obtained. We get the R of NW, the p value could be attained by applying the formula of p
= ReA /L where A and L are cross-section area of the wire and length between a pair of
voltage leads, respectively. Figure 7a showed the measurement results of NW resistivity p
at temperatures range 300-350 K. This figure demonstrated that the resistivity p of a 75-nm
PbTe NW was temperature dependence which indicated a semiconducting behavior. The
resistivity of a PbTe NW at near room temperature was 6.55 x 10 QO m, which 43 times
greater than the bulk counterpart (1.52 x 10 QQ m) [14]. This is probably due to the surface
scattering of charge carriers [30].

For the Seebeck effect measurement, the characterization was based on the voltage and temper-
ature difference generated between electrodes 3 and 4 (Figure 5b). To generate the temperature
gradient between those two electrodes, the heater with frequency 1w and magnitude equals to
IeSin(wt) was applied at one end of the NW. In this experiment, the sample was employed as
the sensor of the thermometer as well, thus, temperature coefficient of electrical resistance of
them are needed to be calibrated at first. By applying a DC current to the sensor and measuring
the change of the voltage difference at frequency 2w between the two ends of the sensor, the
resistance change of the sensor would be known. After obtaining the temperature coefficient of
electrical resistance, the temperature gradient created between two ends of the NW would be
gained, because the observed heat is proportional to the square of the current multiplied by the
electrical resistance of the NW, Q « I?esin*(wt)®R, where Q and R denote the observed heat and
the electrical resistance of the NW, respectively. Mathematically, sin’a = [(1-cos2a)/2], it means
that the frequency of 2w was applied to heat the heater. As the heater is heated at frequency
2w, the sample temperature and sensor resistance would fluctuated at frequency 2w as well. By
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knowing the temperature gradient and also measuring the thermoelectric voltage of two ends
of the sample, S can be calculated by implementing the formula: S = (AV) / (AT).

The experiment results of Seebeck effect of a 75-nm PbTe NW shown in Figure 7b revealed
that the S value was temperature dependence. The S value increased with increasing the tem-
perature. In addition, as depicted in Figure 7b that the S of PbTe NWs at various temperature
measurements has a negative sign which indicated for n-type semiconductor material. Those
negative sign appears because their electrons have a much higher p than holes and dominate
the electronic transport properties [31, 32]. At temperature of 300 K, the S value for the 75-nm
NW was —-54.76 uV K™, which is about 69% lower compare to the bulk counterpart [14]. This
result may due to the consequences of structural imperfections, such as antisite defects inside
PbTe NW (i.e., the creation of one vacancy at the tellurium site) [14, 33].

Theoretically, for almost all materials, the trend of p was closely correlated with the S. It was
consistent with our experimental resultts (Figure 7a and b) which showed that the smaller p
had a higher S value. Conversely, due to s = 1/p, thus s value increases when S is increased.
The PF (S°0) calculation results of PbTe NWs as a function of temperature are plotted in
Figure 7c. The PF increased gradually when the temperature increased, and this result was
mainly due to the influence of p trends. At the temperature about 300 K the S*c values were
4.58 uyW m™ K=

Comparing the S value as a function of carrier density of various PbTe bulk obtained by
Harman et al., Figure 8 show that the S was closely correlated with the carrier concentration
(n), Our results was consistent with the other previous experiments [14, 34] in which a smaller
n had a higher S value.
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Figure 8. Absolute value of the thermoelectric power or Seebeck coefficient (S) of various PbTe samples [14] as a function
of carrier density; electrons (n) or holes (h) at room temperature. The solid red stars denote the Pb, ,Te ,, samples with
75,142, and 217 nm diameter wires [27, 34].
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Figure 9. (a) Frequency dependence of V, at 300-350 K for 75 nm PbTe NW and (b) the solid line is predicted relation
V,, a 1A(1 + 2wy)?) at 300 K for a 75 nm PbTe NW.

The thermal conductivity of the 75 nm PbTe nanowire was measured by the self-heating 3w
method [35] in the temperature range of 300-350 K. In the experiment, the V, as a function
of frequency will be attained. As shown in Figure 9a, the V, was dependent on the frequency.
The V,  reduce significantly by increasing the frequency, however, the reduction become
slightly at a frequency above 10 Hz. The relation between thermal conductivity, V, and fre-
quency is described in the Eq. (1).

v ARRRL .
T s\ Qary .
which simplified as:
K
YT v @

where | and @ denote the amplitude and frequency of the alternating current applied on
nanowire, R and R’ are the resistance and derivative of resistance at corresponding tempera-
ture, k is the thermal conductivity, S is the cross section, and vy is the characteristic thermal
time constant.

Figure 9b shows the fitting result of V. to frequency of a 75 nm PbTe NW at 300 K. The
thermal conductivity k of the nanowire can be derived from the intercept of the fitting value
at a certain temperature V, = (4I’LRR’)/(t*kS) (wy —0). To further validate the extraction
of thermal conductivity by 3w method, the variation of 3w signals toward the input current
amplitude I, and frequency was studied. The result shows that V w versus I, follows the I ?, as
exhibited in the equation of Figure 10, which mean it agree with the Eq. (1).

By substituting all acquired data from self-heating 3w experiment to Eq. (1), the thermal con-
ductivity, k of a 75 nm PbTe NW at range temperature of 300-350 K were 0.96-0.72 Wm™ K™
(Figure 11a and b), which is approximately 2.40-3.19 times lower than the bulk counterpart
(k =23 W m™ K"). Likewise, the k value at room temperature was 0.96 W m™ K™, which is
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Figure 10. The 3" harmonic voltage signal V, as function of the extraction current amplitude I, for a 75 nm PbTe NW at
300 K. Red solid line represents the cubic relationship of V, and I

approximately 58% lower than the typical reported value of « =2.3 W m™ K™ for bulk PbTe.
This decline mainly due to the carrier concentration difference or size effect. [36]

For the purpose of calculating the K, value, the electron thermal conductivity k_  need to be
determined. The i value is calculated by using Eq. (3) (Wiederman-Franz law, where the
Lorenz number L = 2.44 x 10® W.Q.K™?), while the k, is gained from subtracting the k with K,
value. The values of i, of a 75 nm PbTe NW at 300 K was 0.95 W m™ K™, which is 57% lower
than the PbTe bulk (x,=2.2 W m™ K™). [16] As reference, the lattice contribution (k,) of super-
lattice thin films PbSe . Te, /PbTe at room temperature was 0.35 W m™ K™ [28].

0.02

K, = LoT 3)

The lattice thermal conductivity has a lower limit wherein the phonon mean free path
becomes comparable to the lattice spacing of the atoms [37]. Alternatively, the lattice thermal
conductivity of a material can be determined by using Eq. (4), where C, v, andt represent the
heat capacity per unit volume, the speed of sound in the material, and the mean free path of
the phonons, respectively. By applying the atom spacing of PbTe as the minimum t and sub-
stituting the values of the v and C to Eq. (4), the i, of PbTe is around 0.2 W m™ K™. Repeating
this calculation for a variety of compounds, the lowest possible value of k, are in the range of
0.1-0.2 Wm™ K™ [38].

Kk, = 1/3.Cv.t 4)
As the size of the nanowire approaches the t (the median phonon free path in PbTe is

about 42 nm) [39], the k value will drop due to the increased phonon scattering. According
to the reported x of individual PbTe NW with various diameters (d = 182, 277, and
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Figure 11.(a) Measured thermal conductivity (@), electron thermal conductivity k., (J and lattice thermal
conductivity «, (4) of a 75 nm PbTe NW and (b) size-dependent k properties of individual 75 nm PbTe NW (compared
to the reported 182 nm, 277 nm and 436 nm [19].

436 nm) [19] including our recent work (d = 75 nm) which were plotted in Figure 11b,
the i value decreases gradually as its diameter shrinks. The enhanced phonon bound-
ary scattering has a considerable effect in reducing the k value of NW. Hence, it is sug-
gested to have an effect on suppressing the phonon transport through the NWs as well
[40, 41]. Theoretically, those phenomena would cause the ZT value of NW higher than
the bulk counterpart, provided that the electronic properties were not degraded by the
nanostructure. However, based upon all the above measurement results, i.e. S (-54.76 —
—-68.80 uV K™) [27], 0 (1526.19-1878.68 S m™) [27] and x (0.96-0.72 W m™ K™), the obtained
ZT value of a 75 nm PbTe NW at 300-350 K are in the range of ~1.4-4.3 x 10~ (Figure 12)
and it is still much lower than the ZT of PbTe bulk which is approximately ~ 0.25 at 300 K
and maximal ~ 0.8 at 700 K [42].
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Figure 12. Figure of merit ZT for a n-type 75 nm PbTe NW.

4. Conclusions

In summary, we have demonstrated a new technique for structural characterization and
TE properties measurement of individual single-crystalline PbTe NW by using a novel
design of microchip. In this work, the single PbTe NW grown by the stress-induced
method was employed for four different type of characterization simultaneously: struc-
tural characterization, Seebeck coefficient, electrical conductivity, and thermal conductiv-
ity. The structural characterization revealed that the synthesized PbTe NWs were single
crystals with a growth along the [100] direction. While the TE properties (S, o, and k) of a
75 nm single-crystalline PbTe NW at room temperature are -54.76 pV K, 1526.19 S m™,
and 0.96 W m™ K, respectively. Based on those results, the experimental calculation of
ZT value of its NW was ~1.4-4.3 x 10 at 300-350 K range. This technique provided high
accuracy and reliable ZT value of individual single-crystalline TE NW. Thus, the size-
dependent study of TE properties is very feasible. In this study, the k value in growth [100]
direction PbTe NW is size-dependent, wherein indicates that thermal transport through
the individual PbTe nanowires is limited by boundary scattering of both electrons and
phonons.
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Abstract

A 3D study on Cu-water-rotating nanofluid over a permeable surface in the presence of
nonlinear radiation is presented. Particle shape and thermophysical properties are con-
sidered in this study. The governing equations in partial forms are reduced to a system
of nonlinear ordinary differential equations using suitable similarity transformations.
An effective Runge-Kutta-Fehlberg fourth-fifth order method along with shooting tech-
nique is applied to attain the solution. The effects of flow parameters on the flow field
and heat transfer characteristics were obtained and are tabulated. Useful discussions
were carried out with the help of plotted graphs and tables. It is found that the rate of
heat transfer is more enhanced in column-shaped nanoparticles when compared to
tetrahedron- and sphere-shaped nanoparticles. Higher values of rotating parameter
enhance the velocity profile and corresponding boundary layer thickness. It has quite
the opposite behavior in angular velocity profile. Further, unsteady parameter increases
the velocity profile and corresponding boundary layer thickness.

Keywords: particle shape effect, nonlinear radiation, Cu-water nanoparticles,
unsteady rotating flow

1. Introduction

The interaction of thermal radiation has increased greatly during the last decade due to its
importance in many practical applications. We know that the radiation effect is important
under many isothermal and nonisothermal situations. If the entire system involving the
polymer extrusion process is placed in a thermally controlled environment, then radiation

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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could become important. The knowledge of radiation heat transfer in the system can, per-
haps, lead to a desired product with a sought characteristic. Magnetohydrodynamic 3D flow
of viscoelastic nanofluid in the presence of nonlinear thermal radiation has been examined
by Hayat et al. [1]. Shehzad et al. [2] proposed the nonlinear thermal radiation in 3D flow of
Jeffrey nanofluid. Refs. [3-11] are some of the works associated with stretching sheet prob-
lem of thermal radiation.

Nanotechnology has been widely utilized in the industries since materials with the size of
nanometers possess distinctive physical and chemical properties. Nanofluids are literally a
homogeneous mixture of base fluid and the nanoparticles. Common base fluids embody
water, organic liquids, oil and lubricants, biofluids, polymeric solution and other common
liquids. Nanoparticles are created from totally different materials, like oxides, nitrides, carbide,
ceramics metals, carbons in varied (e.g., diamond, graphite, carbon nanotubes, fullerene) and
functionalized nanoparticles. Nanofluids have novel properties that are potentially helpful in
several applications in heat transfer, as well as microelectronics, pharmaceutical processes,
heat exchanger, hybrid-powered engines, domestic refrigerator, fuel cells, cooling/vehicle ther-
mal management, nuclear reactor agent, in grinding, in space technology, ships and in boiler
flue gas temperature reduction. Choi [12] was the first who composed the analysis on
nanoparticles in 1995. Later, Maiga et al. [13] initiated the heat transfer enhancement by using
nanofluids in forced convective flows. The laminar fluid flow which results from the stretching
of a flat surface in a nanofluid has been investigated by Khan and Pop [14]. Recently, a number
of researchers are concentrating on nanofluid with different geometries; see [15-19].

Experimental studies have shown that the thermal conductivity of nanofluids is determined by
the parameters related to: nanoparticles, concentration, size, spherical and nonspherical
shapes, agglomeration (fractal-like shapes), surface charge and thermal conductivity, base
fluids (e.g., thermal conductivity and viscosity), nanofluids (e.g., temperature), the interfacial
chemical/physical effect or interaction between the particles and base fluid and others. For
more details, readers are referred to the studies [20-25].

Impact of nonlinear thermal radiation on 3D flow and heat transfer of Cu-water nanoliquid
over unsteady rotating flow have been considered. The heat transfer characteristics are studied
in the presence of different particle shapes, thermophysical properties and nonlinear thermal
radiation. The principal equations of continuity, momentum, energy and mass equations are
transferred into a set of nonlinear similarity equalities by applying the appropriate transfor-
mations. The condensed equalities are solved numerically, and the impacts of relevant param-
eters are discussed through plotted graphs and tables.

2. Mathematical formulation

An unsteady laminar flow over a permeable surface in a rotating nanofluid is considered in
this study. The copper-water motion is 3D due to Coriolis force in the present problem. The

Cartesian coordinates are x,y and z where the rotation of the nanofluid is at an angular

bx
1-6t

velocity Q(t) about the z-axis, and time is denoted as t. Let 1, (x, t) = and vy, (x, f) represent
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the surface velocity in x and y directions, respectively, and wy(x,t) is the wall mass flux
velocity in the z-direction as represented in Figure 1. Under these conditions, the governing
equations can be written as:

ou v ow
ou  Ou  Ou ou 19p My d'u
UtV W— —2QV = —— L 2
o T TS pdx | p, 02 @)
ov  Ov v 19p My d0
et Ut Vvt w—+200 = — - H 3
o M Tl TS pdy | pyy 02 ®)
ow Oow 0w ow 10p  Hhy %
iyt o= Il ORI i 4
6t+u6x+vay+wbz paz+pnfaz2’ @
a—T+ua—T+va—T+wa—T—a 62—T+ 1% ®)
ot T x Oy oz oz (pCP)nf oz

Boundary conditions for the problem are,

U=1uy(x,t)=v=0w=0T="T, at z=0,

u—09v—-0w=0T-—T. as z — o

(6)

where velocity components in x, y and z directions are u, v and w, constant angular velocity of
the Nano fluid is 3, dynamic viscosity of the Nano fluid is i,, density of the nanofluid is p,,

thermal diffusivity of the nanofluid is a,, T is temperature of nanofluid and wall temperature

is Ty, Te denotes temperature outside the surface (Table 1).

1.0

1 i 1 " 1 " 1 L 1 L 1 " |

0.8

2=0.1,Pr=6.587, R=05,0 =1.2,6=2%

—— Sphere
Tetrahedron
Column

Solied line Q=0.1
Dotline Q=02

Figure 1. Influence of Q on f ().
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The radiative heat flux expression in Eq. (5) is given by:

160* . OT
= — T3 —
I 3% Tz

)

where ¢* and k" are the Stefan-Boltzmann constant and the mean absorption coefficient,
respectively, and in view to Eq. (7), Eq. (4) reduces to:

oT

R (8)

OT 9oT OT of 0 160*T2 T
ot ox oy oz Oy

— tu—+o—+w-—= Anf + 7~ 5~
3(pcp)nfk 0z

Parameters 1, p,r and a,y are interrelated with nanoparticle volume fraction; ¢ and can be

defined as:

S ? K

_ (o) \ \ Koy _ [k + (m = D] — (m = 1) (ks — ks)
= e (10020 ) o= BT

©)

where volumetric heat capacity of the solid nanoparticles is (pc,),, volumetric heat capacity of
the base fluid is (pc,) ;» volumetric heat capacity of the nanofluid is (pcy),, 4 thermal conductiv-
ity of the nanofluid is ks, thermal conductivity of the base fluid is k¢, thermal conductivity of
the solid nanoparticles is k;, nanoparticle volume fraction is ¢, density viscosity of the base
fluid is p; and dynamic viscosity of the base fluid is 1, (Table 2).

Now, we introduce similarity transformations:

bx bx bx | bx T-Te

with T =T.(1+ (6, —1)0) and 6, = % , 0, > 1is the temperature ratio parameter.

p cp k
Copper (Cu) 385 8933 400
Water 997.1 4179 0.613

Table 1. Thermophysical properties of water and nanoparticles.

Particle shapes Sphere Tetrahedron Column

m 3 4.0613 6.3698

Table 2. Values of the empirical shape factor for different particle shapes.
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Using Egs. (2)-(6) and (10), we can have

1 o ne o
(1—¢)2'5(1—qb+¢<5_;)>f - [fz_ﬁ _203+)‘<§f +f>] =0, (11)

1 o . )
) TG e
K 1+Rﬂ+“%—leﬂ—d%Pgd_ﬁq:Q 13)

k(11— ¢+ (22 [
/ (p Cp ) f
The transformed boundary conditions are as follows:

£(0)=0,f(0) =1,g(0)=0,6(0) =1 at =0

]

(14)
f(n)—0gm —006(n) —0asn—e

' 160" T2, .
where Q=2 is rotation rate, A =2 is unsteadiness parameter R = 3Zk is radiation

parameter, Pr = i—; is Prandtl number and primes denote the differentiation with respect

to n.
Rosca et al. [11] mentioned that the pressure term (p) can be integrated from Eq. (4); thus, we
obtain:
ow pw?
— o P 15
p=vpg — 5 tc (15)

The physical quantities of interest in this problem are the skin friction coefficients in x and y
directions, Cg and Cy, as well as the local Nusselt number Nu, which are defined as:

Tuwx Twy Xy,
= , =, =y—t e —, 1
ozt P N T (T, - T0) (10

Surface shear stress Ty, Ty, and surface heat flux g, are defined as:

ou 0v oT
o)y o min(5) 2= ke () o
Using Egs. (16) and (17), we obtain
vV ReyCp = 25f vV ReyCyy = : ——38 (0)and Do _ oy (‘ 1+ RQ;]G,(O))/
(1-9) (1-9) VRe: Ky

(18)

where Re, = #=
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3. Numerical method

Numerical solutions of nonlinear coupled differential Eqgs. (11)—(13) subject to the boundary
conditions (14) constitute a two-point boundary value problem. Due to coupled and highly
nonlinear nature, which are not amenable to closed-form solutions; therefore, we resorted to
numerical solutions. In order to solve these equations numerically, we follow most efficient
fourth-fifth order Runge-Kutta-Fehlberg integration scheme along with shooting technique. In
this method, it is most important to choose the appropriate finite values of n_. The asymptotic
boundary conditions at 17,, were replaced by those at 1 in accordance with standard practice in
the boundary layer analysis.

4. Result and discussion

To get a clear insight into the physical situation of the present problem, numerical values for
velocity and temperature profile are computed for different values of dimensionless parame-
ters using the method described in the previous section. The numerical results for the local
Nusselt number are presented for different values of the governing parameters in Table 3.

A Q Pr R O . Nusselt number
m=23 m = 4.0613 m = 6.3698
0.2 0.36722 0.35144 0.32983
0.3 0.29671 0.29256 0.28353
0.4 0.21897 0.22635 0.23028
0.01 0.33069 0.32112 0.30611
0.02 0.29005 0.28739 0.27973
0.03 0.24936 0.25364 0.25333
5.776 0.35865 0.34247 0.32053
6.587 0.36722 0.35151 0.32990
7.578 0.37598 0.36090 0.33978
0.5 0.36722 0.35144 0.32983
1 0.33266 0.31642 0.29491
1.5 0.30957 0.29332 0.27217
1.2 0.36722 0.35144 0.32983
14 0.32565 0.31078 0.29076
1.6 0.28807 0.27416 0.25572
1% 0.43665 0.42492 0.40752
2% 0.36722 0.35144 0.32983
3% 0.30841 0.29212 0.27084

Table 3. Numerical values of Nusselt number for different physical parameters.
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Figure 1 portrays the effect of Q on velocity profile f (1). The velocity profile and
corresponding thickness of the boundary layer enhance with larger values of (). This is
because the larger value of () parameter leads to higher rotation rate as compared to stretching
rate. Therefore, the larger rotation effect enhances velocity field. Figure 2 shows the impact of
Q on angular profile g(17). From this figure, one can see that (1) reduces for larger values of Q.
Further, it is noticed that rate of heat transfer is larger in column-shaped nanoparticles when
compared to tetrahedron- and sphere-shaped nanoparticles.

Figures 3 and 4 depict the effect of A on the f'(n) and g(n) profile. It is clear from both the
figures that an increase in A decreases the momentum boundary layer thickness resulting in
velocity decrease. It is also noted that g(n) decreases smoothly with the increase in the

1'0 I 1 L 1 " 1 L 1 L 1 1 | " 1
A=05Pr=6587,R=05,0 =12,6=2%
0.8+ —— Sphere
Tetrahedron

- Column

0.6

£ Solied line Q= 0.1

S Dotline Q=02

0.4

0.2

0.0 — T T

Figure 2. Influence of Q on g(7).
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Figure 3. Influence of A on f (1).
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Figure 4. Influence of A on g(n).

unsteadiness parameter. This shows an important fact that the rate of cooling is much faster for
higher values of A, whereas it may take a longer time in steady flows.

Influence of the solid volume fraction parameter (¢) on temperature profiles 6(1)) can be
visualized in Figure 5. It is observed that the temperature profile increases by increasing
values of the solid volume fraction parameter. This is due to the fact that the volume occupied
by the dust particles per unit volume of mixture is higher so that it raises the rate of heat
transfer. It was noticed that the development in the temperature profiles of column-shaped
nanoparticles is high when compared to temperature profiles of sphere- and tetrahedron-
shaped nanoparticles due to the increase in volume fraction of nanoparticles.

The effect of temperature ratio parameter (6,,) on temperature profile is shown in Figure 6. The
influence of temperature ratio parameter enriches the temperature profile and corresponding
boundary layer thickness. This may happen due to the fact that the fluid temperature is much

1.0 i 1 i 1 i | i 1 A | i 1 i 1
R=0.5,1=0.5,¢=2%, = 1.2, 2=0.01
0.8 1
—— Sphere
' \ Tetrahedron
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0.4 '-.}.\ N\ Solied line Pr = 6.587
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Figure 5. Influence of Pr on 6(7).
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Figure 6. Influence of ¢ on 6(n).

higher than the ambient temperature for increasing values of 0,, which increases the thermal
state of the fluid. It is also observed that the rate of heat transfer is higher in the column-shaped
nanoparticles than that of tetrahedron- and sphere-shaped nanoparticles.

Figure 7 demonstrates the effect of the Prandtl number (Pr) on temperature profiles of (7).
The above mentioned graph elucidate that the temperature profile and corresponding thermal
boundary layer thickness decrease rapidly with increasing values of Pr. Physically, the Prandtl
number is the ratio of momentum diffusivity to thermal diffusivity. In fact, the larger Prandtl
number means that the lower thermal diffusivity. A decrease in the thermal diffusivity leads to
a decrease in the temperature and its associated boundary layer thickness.

The temperature distribution 6(n) for various values of radiation parameter (R) is shown
in Figure 8. This figure reveals that the larger values of radiation parameter increase
the temperature profile and thermal boundary layer thickness. Generally, higher values of

10 . | N 1 . | N 1 L | . | L 1
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0.8 —— Sphere
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Figure 7. Influence of 0;, on 0(7).

175



176

Impact of Thermal Conductivity on Energy Technologies

1.0 n 1 L 1 I 1 1 L 1 L 1
A =0.1, Pr =06.587, ¢ = 2%, B“_ =1.2, Q=0.01
0.84
— Sphere
Tetrahedron
0.6- Column
= Solied line R = 0.5
b3 Dotline R=1
0.4+
0.2 4
0.0 fe—="—
0 6 7 8
Figure 8. Influence of R on 0(7).
1 M 1 1 M | " 1
0.36 - — Sphere
| Tetrahedron
e Column
. 0.34 - M
£0.32-
s 1 e
Z.0.30 - e
TR 2 T8
0.28 3
0 =12,13
0.26 -
0.24 Y T T T T T T T
0.4 0.6 0.8 10 R 12 14 1.6

Figure 9. Influence of 8,, and R on Nusselt number.

radiation parameter produce additional heat to the operating fluid that shows associate
enhancement within the temperature field. We have noticed an improvement within the
temperature profile because of increase in the radiation parameter. Moreover, the rate of
heat transfer at the wall is less in case of the sphere-shaped particles when compared to the

tetrahedron- and column-shaped nanoparticles.

Figure 9 shows the effect of 0, and R on the skin friction coefficient. Here, we observed that the
skin friction coefficient decreases for larger values of 0,, and R. Figure 10 delineates the influence
of ¢ and Ec on Nusselt number. One can observe from the figure that Nusselt number decreases
for larger values of ¢ and Ec. It is also perceived from these figures that the maximum decrease
in the rate of heat transfer of nanofluid is motivated by the column-shaped, followed by
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Figure 10. Influence of ¢ and Q) on Nusselt number.

tetrahedron- and sphere-shaped nanoparticles, respectively. It is just because of the nanofluid
which contains column-shaped nanoparticles having maximum thermal conductivity than
nanofluids containing tetrahedron- and sphere-shaped nanoparticles. Table 3 presents the
numerical values of Nusselt number for various values physical parameter values. It is observed
that Nusselt number increases with increasing Pr. Further, from Table 3, we observe that Nusselt
number decreases with increasing values of 0,,, R, ¢ and A.

5. Conclusions

In the present analysis, impact nonlinear radiative heat transfer of Cu-water nanoparticles over
an unsteady rotating flow under the influence of particle shape is considered. Effects of various
parameters are studied graphically. The main points of the present simulations are listed as
follows:

*  The highlight of this study is that temperature profile is more enhanced in column-shaped
nanoparticles when compared to tetrahedron- and sphere-shaped nanoparticles.

¢ Temperature profile and thermal boundary layer thickness increase with increasing values
of R and 6,,.

*  The thermal boundary layer thickness and temperature profile enhance with increasing
values of ¢.

* Higher values of rotating parameter enhance the velocity profile and corresponding
boundary layer thickness. It has quite opposite behavior in angular velocity profile.

* Unsteady parameter increases the velocity profile and corresponding boundary layer
thickness.
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Abstract

It is well known that polymers are insulators, which limit their usage in other applications
where thermal conductivity is essential for heat to be efficiently dissipated or stored. In
the past, the improvement in the thermal conductivity of polym.rs with conductive fillers
has been investigated by researchers. Carbon-based materials such as graphite, graphene
and carbon nanotube, which feature excellent properties such as a high mechanical
strength, a high thermal conductivity and a tailorable electronic configuration, have been
added to different polymer matrices to enhance their thermal conductivity. Amongst
others, graphite more especially expanded graphite merits special interest because of its
abundant availability at a relatively low cost and lightweight when compared to other
carbon allotropes. Herein, we describe the thermal conductivity of polymer/graphite
composites and their applications.

Keywords: polymer, graphite composites, thermal conductivity, functionalization,
applications

1. Introduction

Polymers can be moulded into various shapes and forms which afford their application in
different fields [1-3]. This is owing to their unique properties such as lightweight, durability
and low production cost. Polymers have substituted natural materials (e.g. steel and glass) in
most of their former uses [1-3]. Besides these unique features, their success in certain applications

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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is hindered by their poor electrical, thermal and mechanical properties. The incorporation of
different fillers has been subject to researchers and scientists as a suitable solution to overcome
these limitations. However, the resulting composite properties were found to be directly depen-
dent on several aspects such as matrix-type, filler-type, interaction between the filler and poly-
mer as well as the distribution of the filler within the polymeric matrix [4].

Research has escalated on the use of conductive fillers to improve not only the electrical and
thermal conductivities but also the overall physical properties of the resulting composite
product. Different conductive fillers such as metal powder, carbon black, carbon nanotubes
(CNTs) and natural graphite were employed as reinforcing fillers of various polymeric mate-
rials [5, 6]. Amongst all these fillers, graphite garnered in much interest owing to its unique
properties such as abundant availability, low cost and easy functionalization [7].

The polymer/graphite composites exhibited a high thermal conductivity and an electrical
conductivity at a fairly low concentration. Polymer/graphite composites have been used in
many applications including structural, aerospace and sporting goods. Most recently,
researchers have focused their attention on the development of polymer/graphite composites
for applications whereby thermal conductivity is needed [8, 9]. It is documented [7] in the
study that the significance of thermal conductivity and/or thermal diffusivity in polymer
composites is related to the need for considerable levels of thermal conductivity in circuit
boards and heat exchangers. According to the studies [10], conductive composites are fre-
quently used in wide applications such as heating elements, temperature-dependent sensors,
self-limiting electrical heaters, switching devices, antistatic materials for electromagnetic inter-
ferences and shielding of electronic devices. This chapter reviews recent development on the
thermal conductivity of polymer/graphite composites.

2. Graphite

Graphite is a carbon-based layered material whose structure is composed of successive layers
of graphene sheets (carbon) and received much interest owing to its exceptional thermal,
mechanical and electrical properties [5, 11, 12]. It is thermodynamically stable and soft with
the successive layers being parallel to the base plane. The layers are bonded together by van
der Waals forces. Graphite consists of carbons that are hexagonally bound to each other by
covalent bonds with an interatomic separation of 0.142 nm and an interlayer separation of
0.335 nm. It is sp>-hybridized with three of four valence electrons of hexagonally attached
carbons that are linked to the valence electrons of the neighbouring carbon by o-bonding.
Therefore, the fourth electron resonates freely within the graphene layer but it is no longer
interacting with a specific carbon atom. Van der Waals forces acting between adjacent
graphene layers result from the delocalization of rt-electrons. Thus, the interatomic interaction
within the single graphene layer is stronger, that is, 75 times when compared to the interaction
between the adjacent layers [11]. Hence, there has been much graphite modification that takes
place in between the layers in order to improve its dispersion in different polymeric materials.
Graphite can be classified into two types: natural and synthetic graphite as shown in Figure 1.
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Classification of graphite

Synthetic -

Figure 1. Schematic representation of graphite classification.

2.1. Natural graphite

Naturally occurring abundant graphite is classified into three categories depending on the
geological environment, that is, amorphous, flake and highly crystalline [11]. Amorphous
graphite has a content of graphite ranging from 25 to 85% depending on the geological
conditions. It is usually derived from mesomorphic environment such as shale, slate and coal.
Amorphous graphite is regarded as the less pure form of graphite with lack of considerable
ordering and presence of microcrystalline structure. It has been applied in different applica-
tions where graphite is often utilized; however, its utilization depends on the degree of purity.
Flake graphite is formed in either metamorphic or igneous geologic environments. It is
obtained through froth floatation which results in 80-90% graphite. Flake graphite is less
abundant as compared to amorphous graphite and has good electrical properties. It has been
employed in various applications of graphite such as secondary steel manufacture, lubricants,
pencils, powder metallurgy and coatings. Despite being found almost all over the world,
crystalline (Vein/lump) graphite is commercially mined in Sri Lanka. It originates from crude
oil deposits that through time, temperature and pressure were converted to graphite. As
reflected by its name, it has a higher degree of crystallinity due to its direct deposition from a
high-temperature fluid phase and its purity is more than 90%. Thus, it has good electrical and
thermal conductivity. Vein graphite enjoyed its success in different applications such as batte-
ries, lubricants, grinding wheels and powder metallurgy.

2.2. Synthetic graphite

Synthetic graphite is produced by treating carbonaceous precursors such as coal, petroleum
and synthetic or natural organic chemicals in inert atmosphere to temperatures above 2400°C
as well as thermal treatment of nongraphitic carbons, graphitization or chemical vapour
deposition (CVD) from hydrocarbons under temperatures of 1883°C [11]. High temperatures
are often employed to facilitate solid-state phase transition effect in order to produce graphite
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crystals. The production method is the primary factor that influences the resulting graphite
properties. Synthetic graphite can also be categorized into two, that is, electro-graphite and
artificial graphite. Electro-graphite is a pure carbon-shaped graphite produced from coal tar
pitch and calcined petroleum pitch in the electric furnace, while artificial graphite results from
the thermal treatment of calcined petroleum pitch at 2800°C. In general, the synthetic graphite
has a low density, a high electrical resistance and porosity. Synthetic graphite is employed in
different applications such as energy storage, carbon brushes and aerospace. Further modifi-
cations are often not required for its application in various fields. To avoid confusion, graphite
will be used in this document without discriminate, whether it is synthetic or natural-based.

3. Modification of graphite

Modification of graphite has been subject of research in order to afford interaction with large
polymer molecules and to achieve a better graphite dispersion [5, 11]. Many efforts have been
done to overcome the absence of functional groups on the surface of graphite (or graphene
sheets) and space between the sheets. There are three classic forms of modified graphite, that
is, graphite-intercalated compounds (GICs), graphene oxide (graphite oxide (GO)) and
expanded graphite (EG).

Graphite-intercalated compounds (GICs): GICs result from the insertion of atomic or molecular
layers of different chemical species called intercalant between graphene sheets of the host
graphite material [5, 12-14]. GIC can be categorized into two depending on the character of
their bonding, that is, covalent GICs and ionic GICs. Covalent GICs include graphite oxide
(GO), carbon monofluoride and tetracarbon monofluoride, whereas ionic GICs include graph-
ite salts, graphite-alkali-metal compounds, graphite-halogen compounds and graphite-metal
chloride compounds. Ionic GICs received much interest due to the capability of changing the
electronic properties of graphite. The latter result in the presence of -bonds in graphite that
can accept/donate electrons from/to the intercalation. Further classification of ionic GICs
depends on the staging of the GIC which is associated with the number of graphite layers
between each intercalant layer. In the first stage (stage 1), the intercalant and graphite layers
are alternating in which one layer of graphite is separated by one layer of intercalant. In a
stage 2 GIC, there are two adjacent layers of graphite sheets between each intercalant layer.
The intercalation of graphite results in increasing its interlayer spacing, weakening the
interlayer interactions. The latter facilitate the exfoliation of the GICs by mechanical or thermal
treatments.

Graphite oxide (GO): GOs are known as pseudo-two dimensional solid materials with covalent
between the layers. Graphite oxide is often prepared by heat treatment of graphite flakes with
oxidizing agents such that polar groups are introduced on the graphite surface [5, 15, 16]. This
treatment also widens the interlayer spacing between the graphene sheets.

Expanded graphite (EG): The exposure of intercalated graphite to thermal treatment beyond
critical temperature or microwave radiation leads to a large expansion of graphite flakes along
the c-axis than in-plane direction as shown in Figure 2. The resulting material, which is known
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Graphite

Figure 2. Schematic presentation of the preparation of expanded graphite (EG).

as expanded graphite (EG), has a vermicular or a worm-like structure with a low density, a
high-temperature resistance and a high conductivity [6, 17, 18]. A mixture of sulphuric acid
and nitric acid is usually employed for graphite intercalation followed by heat or microwave
treatment to produce expanded graphite [5, 19].

Graphene: Graphene is a monolayer of sp>-hybridized carbon atoms arranged in a two-
dimensional lattice. It has been produced using different methods such as growth by chemical
vapour deposition (both of discrete monolayers onto substrate and agglomerated powders),
micro-mechanical exfoliation of graphite, and growth on crystalline silicon carbide [5]. These
methods afford defect-free material with excellent physical properties; however, the yield is
not large enough for use as a composite filler. The thermal conductivity of graphene ranges
between 600 and 5000 W m~' K! with Young modulus of 1 TPa and a tensile strength of
130 GPa [20].

4. Graphite composites

In order to broaden the applications of polymers, the incorporation of a suitable filler with
required functionality is the most cost-effective and reliable method [17]. Some of the polymers
fall short when it comes to electrical, thermal and mechanical as compared to ceramics and
steel. However, the unique properties of polymers such as lightweight and mouldability into
different shapes make them suitable candidates for various applications. Amongst other fillers,
graphite features unique properties such as a high thermal and electrical conductivity, a low
coefficient of thermal expansion, an exceptional thermal resistance, a high thermal shock
resistance, improved stiffness and an increased strength. It is abundantly available and easily
functionalized to afford various applications. The thermal conductivity of the graphite and/or
its composites is of significant importance considering the demands as thermal conductance in
heat exchangers, circuit boards, machinery, electronic appliances and many other applications
as explained in Section 1.
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4.1. Preparation of graphite composites

Beside the modification of graphite, the major contributor to the distribution of graphite in the
polymeric matrix relies on the selected preparation method. Classic preparation methods for
graphite/polymer composites are in situ polymerization, melt intercalation and solution-
casting techniques [21-24]. Complete dispersion of the graphite particles leads to poor thermal
conductivity due to lack of conductive network path within the composite product. Figure 3
shows a schematic presentation of the resulting morphologies depending on the preparation
method.

4.1.1. In situ polymerization

In situ polymerization involves the polymerization of monomer (or/and oligomer) in the
presence of the filler [6, 21, 24-26]. This method is one of the most effective processes to
facilitate the dispersion of the filler in the polymeric material. Moreover, it enhances strong
interaction between the composite component; hence, the mechanical properties of the
resulting composite are superior to the composite prepared by either solution casting or melt
intercalation [25]. This technique, however, is associated with some limitations such as poly-
mer and filler selection and limited to laboratory scale. Moreover, it is environmentally
unfriendly process which makes it not feasible for composite preparation.

4.1.2. Solution casting

In solution casting, the polymer is dissolved in suitable solvents and then the filler is added
into the polymer solution [22, 27]. In order to improve the dispersion of the fillers, the sonica-
tion step is usually adopted [27, 28]. Some polymers are, however, not soluble in most avail-
able solvents which then limit the choice of a polymer for this technique. This process is not
environmentally friendly due to the fact that the solvent has to be evaporated from the system
which can be harmful except if the solvent is water. For industrial production, this technique
will be expensive with regard to the recovery of the solvent used. Nevertheless, the mechanical

Graphite

Exfoliated structure -with conductive

paths
Fully exfoliated structure ““";""“‘g:"‘e ‘"L“‘
without conductive paths S RNE TR0 Y
conductive paths

Figure 3. Different types of composites arising from and interaction between the host polymer and graphite layers
obtained from different preparation methods.
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properties of the resulting composites are superior to melt intercalation due to the sufficient
time given for the filler to interact with each other as well as the polymeric matrix. A compar-
ison between solution casting as well as solution casting followed by melt pressing was
conducted by Bai et al. [22]. It was reported that solution-casted samples had high ability to
form the percolated filler network as compared to solution casting followed by melt pressing.
The percolation network is essential for the conduction paths within the composite material.
However, the appropriate solvent can be chosen to avoid the formation of micro-voids within
the composite [29]. The solution casting followed by hot pressing serves as a good procedure
to eradicate the voids within the composite material [29].

4.1.3. Melt intercalation

Melt intercalation is the most favourable process with regard to industrial and environmental
perspectives [23, 30, 31]. Polymer and filler are mixed together in the melt-compounding
technique which leads to exposure to high shear and heat. The mixture is heated to a temper-
ature above the melting temperature of the polymer for certain period to allow homogeneity.
Classic compounding techniques include a single-screw extruder, a twin-screw extruder and
an internal mixer. All these techniques can be utilized alone or in combination to afford better
dispersion of the fillers. Injection moulding and/or melt pressing are usually used to mould the
composite for characterization. In general, the percolation threshold is little bit higher than the
other processing techniques, that is, solution casting and in situ polymerization [30]. Interest-
ingly, the balance between the mechanical properties and other properties such as electrical
conductivity can be achieved through this method which is of significance towards the com-
mercialization of the resulting composite products. Its limitations involve the choice of poly-
mer/filler, limited filler distribution and thermal degradation of the host polymer [23]. The
properties of the polymer such as molecular weight, viscosity and chain length play a major
role on the properties of the resulting composite product, hence influencing conclusions
reached by different authors [11].

4.1.4. Other processing techniques

The combination of solution casting followed by melt intercalation/pressing has also been
reported [28, 32, 33]. The main was to ensure the interaction between the fillers in order to
promote the conductance path network within the host matrix. On the other hand, electrospun
graphite composites were also reported in the study [34]. Despite the advantages associated
with these techniques, viz. cost-effective, possibility of scaling up, control over the morphology
of the resulting fibres and almost all polymers can be processed, there are only few studies
based on the electrospun graphite composites [34, 35]. In situ melt mixing was carried out by
mixing low-temperature expendable graphite with LDPE [36]. The expandable graphite
expanded during the mixing process which is of significant importance considering the contact
between the graphite particles. It is, however, recognized that such a process can lead to a large
number of agglomeration with an increase in the filler’s content. In the case of adhesive resins
(e.g. epoxy resin), curing at a certain temperature over a certain period is usually utilized to
prepare the composite products [37, 38].
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5. Thermal conductivity

5.1. Graphite composites

Numerous researchers studied the thermal conductivity of polymer composites with regard to
their importance to reach appreciable levels of thermal conductance in circuit boards, heat
exchangers, appliances and machinery as summarized in Table 1 [7, 17, 39]. Amongst all
thermal conductive fillers, graphite merits special interest not only due to its high thermal
conductivity, that is, 25470 W m~! K! but high thermal stability, exceptional chemical
resistance and mechanical properties [40]. A comparative study of the thermal conductivity
between graphite and other conductive fillers (viz. copper powder (Cu), aluminium powder
(Al), silver powder (Ag), zinc oxide (ZnO), boron nitride (BN), aluminium oxide (Al,O3) and
diamond) particles was done by Fu et al. [37]. It was reported that the highest thermal
conductivity was obtained at the filling load of 44.3 wt% of graphite due to the layered
structure of graphite forming heat pathways within the matrix. The thermal conductivities of
diamond (29.14%), Cu (68.25%), Al (69.69%), Al,O3 (67%) and BN (35.5%) were 0.35, 0.74, 1.11,
0.57 and 0.59 W m' K™, respectively. Although the resulting thermal conductivities were not
true reflection of the thermal conductivity of the particles, this was related to the different
structural arrangement within the particles which controls the contact between them. The

System Maximum particle Preparation method Thermal Refs.

content conductivity
WmK™

LDPE/graphite 10 vol.% Melt mixing 6.5 [39]

HDPE/graphite 7% Melt mixing 1.59 [40]

LDPE/low-temperature expandable 50 wt% Melt mixing followed by pan 5.04 [51]

graphite milling and dilution with neat LDPE

LDPE/untreated low-temperature 50 wt% Melt mixing 7.02 [51]

expandable graphite

LDPE/low-temperature expandable 37 vol% (60 wt%)  Melt mixing 11.24 [36]

graphite (LTEG)

Ethylene vinyl acetate/natural graphite 7.5 Melt mixing ~0.29 [52]

Ethylene vinyl acetate/expanded 7.5 Melt mixing ~0.31 [52]

graphite (EG)

Ethylene vinyl acetate/expanded 4 phr Solution casting followed by melt 0.87 [33]

graphite (EG) pressing

Ethylene vinyl acetate/natural graphite 4 phr Solution casting followed by melt 0.48 [33]

(NG) pressing

Epoxy resin/graphite 44.3 wt% Oven curing 1.68 [37]

Epoxy resin/graphite 4.5 wt% Oven curing 1.0 [38]

Epoxy resin/graphite 2 wt% Oven curing 1.0 [50]

Table 1. Selected studies based on the thermal conductivity of graphite composites.
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graphite being a cheaper material performed better than other expensive conductive particles.
In general, the thermal conductivity increases almost linearly with an increase in graphite
content, regardless of processing method as shown in Figure 1 [39-43]. This can be attributed
to the high thermal conductivity of the graphite when compared to pristine polymeric matrix.

Mu and Feng [41] prepared graphite/silicone rubber composites using solution-casting and
melt-mixing processing techniques. They reported that the thermal conductivity increased
with an increase in graphite content; however, solution-casted composites had a high conduc-
tivity as compared to melt-mixed ones. The authors reported that the thermal conductivity of
solution-casted composites reached a value of 0.32 W m ™" K" at 9 per hundred rubber (phr) of
graphite, whereas for melt-mixed it was only 0.24 W m ' K™, which is the conductivity level
similar to solution-casted composite at 4 phr. This was attributed to the conducting path
networks created by contact between the graphite layers at a fairly low content in the case of
solution casting compared to the reduction of surface-to-volume ratio in the case of melt
mixing as shown in Figure 4. The latter resulted in a higher content of graphite required so
that they can abut or contact in order to form the conducting paths. A comparison between
two commercial graphite (EG-10, synthetic graphite, SGL Carbon, UK, and KS-15, synthetic
graphite, Lonza, Switzerland) in two different polymeric matrices (high-density polyethylene
(HDPE) and polystyrene (PS)) was conducted by Krupa and Chodak [7]. They reported a
nonlinear increase of thermal conductivity with an increase in graphite content regardless of
matrix and graphite type. It was, however, reported that the graphite KS displayed higher
thermal conductivities than the thermal conductivities of EG-filled material especially for PS
composites at a higher graphite content. The graphite KS had smaller particles with a narrow
particle size distribution as well as a higher specific surface than graphite EG which corrobo-
rate the fact that the size of the particles did not influence the thermal conductivity, however,
the contact between the graphite particles even if they are agglomerated. In another study; it
was reported that the crystallinity of the polymer also plays a major role on the thermal
conductivity of the resulting composite product [44]. It was reported that high-density poly-
ethylene (HDPE)-based composites displayed high thermal conductivities over the whole
graphite composition as compared to less crystalline low-density polyethylene (LDPE). Simi-
larly, Deng et al. investigated the effect of chain structure on the thermal conductivity of
expanded graphite/polymer composites [45]. Expanded graphite (EG) was blended with three
different polymers, that is, polyphenylene sulphide (PPS), syndiotactic polystyrene (sPS) and
amorphous polystyrene (aPS). The thermal conductivities of the neat aPS, sPS and PPS

"~~
' & A

(b)

(a)

Figure 4. Schematic presentation of the proposed mechanism for thermal conductive paths for (a) solution-casted and
(b) melt-mixed samples.
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samples were reported as 0.18, 0.23 and 0.24, respectively. This was ascribed to the crystallinity
of polymers. Similar result of observation was reported elsewhere in the study [46, 47]. The
EG/PPS composites showed the highest thermal conductivity throughout the whole range in
comparison to the two counterpart composites (Figure 5). The observed behaviour was attrib-
uted to the difference in polymer matrices with varied chain structures which may result in
different crystallizations and interactions of composites.

Sefadi et al. [48] studied the influence of graphite treatment with sodium dodecyl sulphate
(SDS) in water on the thermal conductivity. Moreover, the authors exposed the samples to 50-
KGy electron beam irradiation to improve the interaction between graphite and ethylene vinyl
acetate (EVA), as host matrix. They reported an increase in thermal conductivity with an
increase in filler content due to high conductivity of graphite, regardless of the treatment.
However, the thermal conductivity of the irradiated samples was slightly lower than
unirradiated samples. This was attributed to the restriction of the polymer chains via cross-
linking which reduced the vibration of phonons. There are a number of factors which contrib-
ute to the overall thermal conductivity of a composite product such as the dispersion of filler,
matrix crystallinity and crystal structure, degree of interfacial thermal contact between the
components, and scattering of phonons. Thus, these factors may counterbalance each other
such that the obtained thermal conductivity does not reflect the percentage of the conductive
filler added into the host matrix. For instance, Shen et al. [49] reported that the
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Figure 5. The thermal conductivity of EG/polymer composites as a function of EG volume contents (the error bar is
marked). The inset shows the thermal conductivity at a low content [45].
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functionalization of the filler can promote dispersion as well as interaction between composite
components, but at the expense of thermal conductivity. Hence, it is of significant importance
to choose functionalization of the filler while taking into account the lateral size of the filler for
high thermal conductive materials. Li et al. [50] also reported that the treatment of the graphite
with UV/O; did not have an influence on the thermal conductivity of the resulting composite
materials. On the contrary, Wang and Tsai [20] reported that functionalized fillers exhibited
superior thermal enhancements more than pristine filler. This was attributed to the increase in
interfacial thermal conductivity (ITC) between the filler and the host matrix.

5.2. Graphite with other fillers (ternary systems)

There has been an ever-increasing interest in incorporating additional conductive filler into a
graphite composite product to overcome the limitation of these materials [22, 31, 53-55]. It can
be argued that the maximum thermal conductivity value achieved in graphite composites is
11.24 W m~"' K! (see Table 1). It is envisaged that the incorporation of the second filler can
further enhance the thermal conductivity of the resulting composite products [31, 53, 56].
Lebedev et al. [53] reported that the inclusion of 1 wt% of carbon nanotubes (CNT) into
polylactic acid (PLA)/natural graphite composites improved thermal conductivity by more
than 40% of magnitude. The thermal conductivity was increased from 0.93 W m~' K" for
neat polymer to 2.73 W m ™' K ™' after the addition of 30 wt% graphite, whereas after the
inclusion of 1 wt% CNT, the thermal conductivity value reached 3.8 W m~! K~ '. This is
ascribed to the additional CNT bridges which closely adjoin the surface of graphite. A similar
study using HDPE as the polymeric matrix was recent conducted by Che et al. [31]. The
authors reported that the thermal conductivity further increased with the addition of CNT
compared to that with EG composites. In another study, it was demonstrated that a small
content of a second filler, that is, below 2 wt%, has no significant influence on the thermal
conductivity when compared to EG composites due to the fillers being wrapped in between
the graphite layers [57]. A maximum increase of 38.5% compared to single filler-based com-
posite was achieved at 5 wt% of the second filler. Self-hybrid composites of EG by crushing EG
using a high-speed crusher to obtain different particle sizes were recently studied by Kim et al.
[54]. The composites were prepared by mixing the crushed EG and raw EG with polycarbonate
(PC) using melt extrusion. Hybrid composites (10 wt% crushed EG and raw EG) displayed a
higher thermal conductivity by 12 and 20.7% compared to 20 wt% raw EG and crushed EG
composites. The thermal conductivity value reached 2.62 W m~ ' K~! compared to 2.34 and
2.17 W m ! K™! for raw-EG and crushed EG-based composites due to synergistic effect.
Various thermal conductive particles rather than carbon-based ones can also be used to
enhance the thermal conductivity. Kostagiannakopoulou et al. [58] also reported that the
thermal conductivity of the epoxy system increased significantly by increasing the filler con-
tent. However, the inclusion of the second filler, that is, multiwalled carbon nanotubes
(MWCNTs) did improve the thermal conductivity at a higher graphite content (5, 10 and
15%). The highest enhancement percentage was 48 at 15% of graphite. The highest increase of
~176 was achieved in the case of 15% wt of the filler. A combination of graphite and aluminium
nitride (AIN) was reported by Yuan et al. [59] and the thermal conductivity reached a value of
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2.77 Wm ' K™! that was 14.6 times that of neat polymeric matrix by combining only 50 wt%
AIN and 6 wt% graphite.

6. Conclusions and remarks

The design of composites from graphite is inexpensive and available in abundance. This has
initiated new ideas in the field of science for the development of a wide range of novel
functional materials. Generally, the addition of graphite improved the thermal conductivity of
the host polymer matrix irrespective of filler functionalization, the type of polymer and the
method of preparation. Various processing techniques such as solvent casting melt blending
and pan milling and masterbatch melt mixing have been used for the preparation of graphite
composites. The type of mixing method seemed to have had an effect on the resultant thermal
conductivity of the graphite/polymer composites. For instance, solution-casted composites had
a high thermal conductivity as compared to melt-mixed system. It is understood that during
solution casting, the EG particles will have a sufficient surface-to-volume ratio; as a result, they
can contact easily and form conducting path networks at low EG contents. However, for melt
mixing, one is of the idea that the EG particles” shape is changed during the melt-mixing
process, resulting in a decrease of surface-to-volume ratio. Therefore, only a higher content of
EG can contact and form conductive paths. Furthermore, the type of polymer had an influence
on the thermal conductivity of the polymer/graphite composites, with the crystalline polymers
having a higher thermal in the composites. It was further observed that the type of treatment
on the graphite or its polymer composites also played a significant role in the improvement or
non-improvement of the thermal conductivity of the polymer graphite composites. For exam-
ple, the silane-treated graphite composites showed a higher thermal conductivity than the non-
silane-treated graphite composites. In some cases, the treatment of the graphite with UV/O;
did not have an influence on thermal conductivity of the resulting composite materials. Lately,
the incorporation of the second filler with graphite can further enhance the thermal conductiv-
ity of the resulting composite products and widen the application of graphite composites.
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