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Abstract: In the present work, a metal–matrix composite was casted using the LM13 aluminum
alloy, which is most widely used for casting automotive components. Such applications require
materials to withstand high operating temperatures and perform reliably without compromising their
properties. In this regard, particulate-reinforced composites have gained widespread adaptability. The
particulate reinforcements used comprise of one of the widely available industrial by-products. which
is fly ash, along with the abundantly available quartz. Hybrid composites are fabricated through
the economical liquid route that is widely used in mass production. Though there are numerous
published research articles investigating the mechanical properties of metal–matrix composites, very
few investigated the thermal properties of the composites. In the present work, thermal properties
such as thermal conductivity and thermal diffusivity of cast hybrid composites were evaluated. The
particulate reinforcements were added in varied weight percentages to the molten LM13 alloy and
were dispersed uniformly using a power-driven stirrer. The melt with the dispersed particulate
reinforcements was then poured into a thoroughly dried sand mold, and the melt was allowed
to solidify. The quality of the castings was ascertained through density evaluation followed by a
microstructural examination. It was found that the composites with only the fly ash particles as
a reinforcement were less dense in comparison to the composites cast with the quartz particulate
reinforcement. However, the hybrid composite, with both particulate reinforcements were dense. The
microstructure revealed a refined grain structure. The thermal diffusivity and thermal conductivity
values were lower for the composites cast with only the fly ash reinforcement. On the other hand, the
composites cast with only quartz as the particulate reinforcement exhibited higher thermal diffusivity
and thermal conductivity. The specific heat capacity was found to be lower for the fly ash-reinforced
composites and higher for the quartz-reinforced composites in comparison to the LM13 base matrix
alloy. However, the highest value of thermal diffusivity and thermal conductivity were reported for
the hybrid composites with a 10 wt.% inclusion of both fly ash and quartz particulate reinforcements.

Keywords: aluminum matrix composites; thermal conductivity; thermal diffusivity

1. Introduction

The advent of composites has widened the scope of materials with properties that
can be tuned to meet specific structural and/or design requirements. Metal–matrix com-
posites (MMCs) have illustrated properties and performances that are superior to those
of their conventional, monolithic metallic counterparts [1]. Advancements in research on
MMCs have resulted in overcoming challenges such as economical processing, design and
characterization of composite materials along with an improved understanding of the inter-
facial interactions between the matrix and the selected reinforcements [2]. Also, the study
of MMCs is constantly broadening due to the fact that such materials can be fabricated
through the incorporation of a huge mix of reinforcements that are added to the matrix
with the possibility of varying not only their type, but also their size, shape and content [3].
Further, it was observed that such variations tend to tune the final composite properties and
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provide the designer with innumerable options to come up with a material which suits the
targeted application [4–6]. Amongst the innumerable types of reinforcement, ceramic rein-
forcements, in both micro and nano scales, have attracted the highest interest [7]. MMCs,
due to the merging of the properties of the base alloy and the ceramic reinforcements,
possess a superior combination of properties such as ductility coupled with improved
toughness and reduced weight with high strength [8]. Owing to such advantages, MMCs
have become candidate materials for applications in the defense, automobile, aerospace,
electronics, electrical, marine and infrastructure sectors [9]. Of late, industries and academic
research have concentrated their attention on hybrid composites which incorporate more
than one type of reinforcement within the matrix to infuse the soft, ductile matrix alloy
with strength and stiffness derived from the hard, brittle reinforcements [10,11].

Amongst various MMCs developed for both research and industrial applications,
aluminum and its alloys are extensively used as matrix materials. The reason for such
selection is because aluminum is a light metal, and lightness is the primary requirement for
most of the commercial MMCs that are in use today. Another contributing factor is that
amongst the other available light metals such as titanium and magnesium, aluminum is
comparatively inexpensive and is available in abundance. Aluminum–matrix composites
(AMCs) have been used extensively in the aerospace and automotive sectors as they
provide a good strength-to-weight ratio [12,13], a primary requirement to reduce fuel costs.
Also AMCs exhibit improved resistance to corrosion and deformation, combined with
excellent strength and elastic modulus [14,15]. AMCs reinforced with particles derived
from oxides and carbides of ceramic materials such as SiC, Al2O3, B4C, SiO2, WC and
MgO possess superior mechanical, thermal and electrical properties and were shown to
perform better than their monolithic metallic counterparts in severe operating conditions
requiring resistance to high temperatures and pressures [16–19]. Karthikraja et al. reported
that the inclusion of SiC and Al2O3 particles within an aluminum alloy (Al 7075) matrix
resulted in the production of stronger interfaces between the particles and the matrix
alloy, which in turn reduced the rate of corrosion [20]. Similar findings were published by
Ferraris et al., who concluded that SiCp as a reinforcement in an aluminum matrix results
in improved resistance to corrosion and hence can be used in braking applications [21]. Xu
et al. experimentally compared the effect of the addition of micro and nano B4C particles
on the morphology and mechanical properties of AMCs. They concluded that both micro
and nano B4C particles had good wettability in the aluminum matrix and the morphology
of the AMCs improved with the improvement in their mechanical properties [22]. Messer
et al. reported that improvement in the mechanical properties of AMCs can be obtained
through the addition of coarse particles rather than fine particles [23].

To make AMCs viable for large-scale commercial production, it is imperative to
reduce the cost of such materials through the selection of proper processing techniques and
reinforcements. Researchers are trying to obtain AMCs reinforced with cheaper and easily
available materials which include industrial wastes and by-products; this would not only
decrease the cost of the final material but also ensure effective waste management [24–26].
Quartz (SiO2) is a natural mineral that is hard and crystalline in form. Due to its ceramic
nature and wide availability, it is used as a reinforcement in various MMCs. Malaki et al.
reported that the inclusion of nano SiO2 particles improved AMCs’ tensile and compressive
strength [27]. Tirfe et al. prepared Al6061/Al2O3/quartz hybrid AMCs and concluded that
the hardness, compressive and impact strength of the AMCs improved with the addition
of the optimum content of quartz particles [28]. Fly ash, a type of industrial waste, is yet
another promising reinforcing material that has found increased usage to reinforce AMCs
in recent years. Matti et al. reported the improvement in tribological characteristics of
Al7075/red mud/fly ash/mica hybrid AMCs [29]. Soundararajan et al. confirmed that the
improved wear resistance of A356/fly ash AMCs was due to increased bonding of the fly
ash particles with the A356 aluminum alloy [30]. Reddy et al. highlighted that through the
addition of fly ash to Al2O3-reinforced AMCs, there was a reduction in the weight as well
as in the cost of the AMCs [31].
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The selection of a proper processing methodology is also essential to ensure the
success of AMCs. The fabrication route selected should be cost-effective and should ensure
a uniform distribution of the selected particles within the matrix. Liquid state processing
such as melt stir casting is considered to be an effective method to fabricate particulate-
reinforced AMCs [32,33]. Stir casting is one such processing route which has universal
commercial acceptability to fabricate AMCs owing to its flexibility, ability to cast intricate
geometries and cost-effectiveness [34,35]. The selection of casting as the processing method
invariably calls for setting up a rapid abstraction of heat from the melt to ensure directional
solidification resulting in a refined grain structure and quality castings [36,37]. End chills are
used to promote the directional solidification of the casting, thus enabling the production
of defect-free AMCs [38,39]. Sunil Kumar et al. studied the effect of copper end-chill on the
fatigue characteristics of A356/hematite AMCs. They reported that AMCs cast with copper
end-chill possessed a significantly improved fatigue strength in comparison to AMCs cast
without the use of the copper chill [40]. Vijay Kumar et al. studied the effect of different end
chills on the mechanical properties of Al356/ZrO2/SiC hybrid AMCs and found that AMCs
cast with copper end-chill had superior mechanical properties [41]. Ravitej et al. casted
LM13/zircon/carbon AMCs using copper end-chill to induce directional solidification and
concluded that such AMCs had improved wear resistance over AMCs cast using without
end chill [42].

Most of the published works in the field of hybrid AMCs discuss the mechanical
and tribological properties of the composites, and there is a serious dearth of scientific
reports that highlight the thermal properties of hybrid AMCs. The investigation of the
thermal properties of AMCs is of prime importance due to the fact that these composites
are highly recommended for automotive applications wherein materials are subjected to
high operating temperatures. At such high temperatures, materials should perform reliably
without deterioration of their physical and mechanical properties. The present paper
discusses the effect of the addition of quartz and fly ash as particulate reinforcements in
varied weight percentages to an LM13 aluminum alloy matrix to cast hybrid AMCs via the
stir casting method through the employment of a metallic end-chill made of copper. Further,
an effort was made to study the coefficients of thermal expansion and thermal conductivity
of the cast hybrid composites to analyze the effect of variations in the reinforcement content
and the chilling effect on the thermal properties of the cast hybrid composites.

2. Materials and Methods
2.1. Matrix Material

The LM13 aluminum alloy was used as the matrix material. Table 1 illustrates the
elemental composition of the LM13 alloy. The LM13 alloy is extensively used for automotive
applications owing to its excellent fluidity [43,44] that enables the production of large
castings and good thermal resistance with a low coefficient of thermal expansion [45,46]
that ensures dimensional stability of the castings under high-temperature applications
along with good strength to sustain the applied loads. An additional feature that supports
the use of LM13 in the production of automobile parts is the ease of machinability [47] that
is rendered by the presence of a high quantity of silicon.

Table 1. Elemental composition of LM13.

Elements Weight Percent (Approx.)

Silicon 11.00
Nickel 1.50

Magnesium 1.0
Copper 1.0

Iron 0.8
Manganese 0.5
Aluminum Balance
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2.2. Particulate Reinforcements

Quartz and fly ash with an average particle size of 25–40 µm were incorporated as
particulate reinforcements to impart additional hardness and strength to the otherwise
soft and ductile matrix material. Quartz has the ability to maintain dimensional stability
even at very high temperatures due to the silicon particles present in it. Composites, to
be sustainable and economically viable, should be composed of industrial by-products.
Fly ash is produced in large quantities as a by-product in industries that burn coal for the
generation of heat. Fly ash can be a good reinforcement in metallic matrices due to its low
density that allows for its uniform dispersion within the matrix material; at the same time,
it is widely available at low prices. Table 2 provides the chemical composition of fly ash.

Table 2. Chemical composition of fly ash.

Chemical Compounds Weight Percent (Approx.)

Silicon dioxide 55
Aluminum oxide 26

Iron oxide 7
Calcium oxide 9

Magnesium oxide 2
Sulfur trioxide 1

2.3. Composition of the Composites

The composites in the present work were casted in a sand mold through the incorpo-
ration of the particulate reinforcements that were added to the LM13 matrix in different
weight percentages. The configurations of the composites that were casted in the current
work are provided in Table 3.

Table 3. Composite configurations.

Composite Coding LM13 (M) (Wt.%) Quartz (Q) (Wt.%) Fly Ash (F) (Wt.%)

M1Q0F0 100 0 0
M95Q5F0 95 5 0
M90Q10F0 90 10 0
M95Q0F5 95 0 5
M90Q0F10 90 0 10
M90Q5F5 90 5 5

M80Q10F10 80 10 10

2.4. Composite Fabrication

The stir casting method was used to melt the matrix alloy and evenly disperse the par-
ticulates within the melt. LM13 ingots were melted at around 750 ◦C in an electric furnace.
Preheating of the quartz and fly ash particulates was performed, and the reinforcements
were heated to about 300 ◦C. Preheating ensures that the reinforcements are free from any
volatile particles and moisture. The required quantities of preheated particulates were
weighed and added to the molten matrix alloy. In order to evenly disperse the particulates
within the molten matrix material and keep them suspended in the melt, the melt along
with the particulates was agitated using a power-driven agitator at a speed of 800 rpm for
a duration of 300 s. Figure 1 illustrates the experimental setup used to melt and disperse
the particulates within the matrix material. The well-agitated molten LM13 with the added
reinforcements was further introduced into dry sand molds to produce rectangular castings
of 150 × 20 × 25 mm dimensions.
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Figure 2 shows the sand mold prepared to cast the required composites along with
the provision to insert the chill. The specimens required for the thermal property tests
were drawn from the cast composite from the end that was near the chill application area..
Rectangular specimens measuring 10 × 5 × 5 mm were machined from the cast composite
near the chill application area on the milling machine using an end mill. The machined
specimens were then polished using emery paper. Figure 3 illustrates the specimen set in
wax molds for microstructural examination.
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2.5. Evaluation of the Density and Porosity of the Composites

The theoretical density of the cast composites was determined through the Agarwal
and Broutman Equation (1) [48]. Here, the density is indicated by ‘ρ’, the weight fraction
is represented by ‘W’, ‘M’ represents the LM13 matrix material, ‘Q’ stands for quartz,
and ‘F’ denotes the fly ash particulates. The density values, expressed as g/cc, for LM13,
quartz and fly ash were 2.81, 2.2 and 1.9, respectively. The experimental density of the cast
composites was determined through the simple Archimedean water displacement method
conducted in ambient conditions [49].

ρtheoretical =
1(

WF
ρF

)
+

(
WQ
ρQ

)
+

(
WM
ρM

) (1)

The porosity of the cast AMCs was determined using Equation (2) [50]

Porosity % =
ρtheoretical − ρexperimental

ρtheoretical
× 100 (2)

2.6. Thermal Property Evaluation Procedure

The laser flash method was employed for evaluating the thermal conductance of the
cast composites. Thermal diffusivity was determined through the aid of the NETZCH
NanoFlash device. The thermal conductivity of the cast composite specimens was calculated
with the aid of the obtained diffusivity values. The test was performed in adherence to
standard testing principles as per ASTM E-1461. The apparatus was equipped with a
furnace that could be operated at a temperature between room temperature and 300 ◦C.
Computerized data acquisition was accomplished by integrating the apparatus with a
32-bit computer with the Windows operating system in which Proteus® software (version
8.17) was installed. In the laser flash technique, the front side of the sample is heated with
the help of a light pulse. As the heat transfers through the bulk of the composite specimen,
the rear side of the specimen experiences an increment in its surface temperature. This rise
in temperature is recorded by an infra-red detector. The resulting temperature-against-time
curve is analyzed to obtain the thermal diffusivity of the sample. The computation of the
product of the composite’s density, specific heat capacity and thermal diffusivity yields
the thermal conductivity (λ) of the composite. To determine the heat capacity per unit
mass, a heat flux differential scanning calorimeter (DSC) was employed. The DSC was
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operated over a temperature range from 20 ◦C to 300 ◦C at a heating rate of 10 ◦C/min.
The composite’s thermal conductivity was computed as shown in Equation (3)

λ(T) = α(T) × cp(T) × ρ(T) (3)

Here, the terms λ(T), α(T) and cp(T) stand for thermal conductivity, thermal diffusivity
and specific heat capacity, respectively. The specimens were subjected to heating from a
laser flash source until their temperature rose from room temperature to 300 ◦C. The speci-
mens were smeared with a thin layer of graphite to aid the absorbance and emittance of the
flash from its front and rear side, respectively. An infra-red detector detected and recorded
the temperature increment ensuing at the rear end of the composites. Thermal diffusivity
was calculated by the machine’s software using the relation provided in Equation (4).

α = 0.1388
(

d2

t1/2

)
(4)

In Equation (3), ‘α’ is thermal diffusivity, ‘d’ is the thickness of the specimen, and ‘t1/2’
is time at 50% of the temperature increase.

3. Results and Discussions
3.1. Density of the Composites

Figure 4 depicts the theoretical and experimental densities of the cast composites.
The analysis of the obtained results indicated that dense castings were formed. This
was indicated by the experimental values of the density that deviated slightly from the
theoretical density values. Figure 5 shows the porosity percentage for the cast AMCs. The
porosity of the AMCs was higher with the inclusion of fly ash particles in comparison
to the inclusion of quartz particles. However, the porosity of all the cast AMCs did not
exceed 4%, which is, as per the available literature, an acceptable level [51]. The results
also indicated that the selected method of processing was well suited to produce dense
castings. This fact was further supported by the microstructural analysis. Figure 6 shows
the microstructure of the cast composites. The microstructure of the composite specimens,
observed using an optical microscope, was characterized by the presence of eutectic silicon
within inter-dendritic regions. Also observed were fine precipitates of the elements that
formed the LM13 alloy. This showed that there was a closer arrangement of grains with
high refinement in their structure. Particulates usually become entrapped within dendrites
during the solidification process and are pushed at their end, forming a tip at their base.
Such particle entrapment can be seen in Figure 6e. Shrinkage porosity is more pronounced
in Figure 6b,c pertaining to AMCs cast with fly ash reinforcements. For the hybrid AMCs,
the microstructure was characterized by fine shorter Si needles and a nearly globular Al-Si
eutectic phase. This indicated that hybridization through the addition of quartz and fly ash
particles was beneficial for the quality of the AMCs produced.
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3.2. Thermal Diffusivity of the Composites

Figure 7 depicts the variation of thermal diffusivity and thermal conductivity of the
cast hybrid composites with temperature.
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Thermal diffusivity provides an indication of the capability of a material to dissipate
heat with respect to time. The materials employed in applications requiring a fast dissipa-
tion of heat should possess a high thermal diffusivity. The analysis of the results indicated
that amongst the cast composites, the thermal diffusivity of the M95Q0F5 and M90Q0F10
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AMCs with only fly ash as a reinforcement was very low compared to that of the AMCs
cast with only quartz as a reinforcement. Also, the M90Q0F10 AMCs showed the lowest
thermal diffusivity in comparison to all other cast AMCs. This could be due to the physical
characteristics of the fly ash particles, which tend to be irregularly shaped, with hollow
spherical particulates scattered within the mass of fly ash [52]. The hollow particles are
usually filled with air or any low-thermal-conductivity gas [53]. The presence of a gaseous
phase within the hollow fly ash particles hinders the easy dissipation of heat. However, for
the M95Q5F0 and M90Q10F0 AMCs with only quartz as a reinforcement, we observed that
the thermal diffusivity was higher in comparison to that of the composites with only fly ash
as a reinforcement. This may be attributed to the physical characteristics of quartz, which is
a solid crystal, unlike hollow fly ash. For the hybrid AMCs, thermal diffusivity was high for
M90Q5F5 in comparison to M80Q10F10. Thus, it was inferred that the fly ash reinforcement
did not allow for an easy dissipation of heat through the AMCs, whereas on the other hand,
the quartz particulate reinforcement helped to accelerate the heat dissipation through the
bulk of the AMCs.

3.3. Specific Heat Capacity of the Composites

Specific heat capacity denotes the amount of energy/heat required to raise the temper-
ature of AMCs of a given mass by 1 ◦C. Figure 8 shows the specific heat capacity of the cast
AMCs. It can be seen that the addition of quartz particles reduced the specific heat capacity
of the AMCs. The morphology of the AMCs aid in understanding the variation in heat
capacity of the materials. It is generally understood that pores and/or voids act as heat
reservoirs due to the entrapment of air within them. Hard quartz particles act as strong
mechanical reinforcements, reducing matrix shrinkage during the solidification process [54].
This helps in controlling the porosity of AMCs, and thus the specific heat capacity of such
AMCs decreases. The specific heat capacity of the 5 wt.% particle-reinforced M95Q5F0
AMCs was reduced by 8% when quartz, rather than fly ash, was used as a reinforcement.
Similarly, the specific heat capacity of the 10 wt.% particle-reinforced M90Q10F0 AMCs
was reduced by 10% when quartz, rather than fly ash was used as a reinforcement. The
addition of fly ash, however, increased the specific heat capacity of the AMCs, which was
found to be greater than that of the unreinforced LM13 alloy. This could be associated
with the generation of voids and/or air pockets within the fly ash-reinforced AMCs. Due
to such voids, the density of the M90Q5F5 and M80Q10F10 AMCs with only fly ash as
a reinforcement was lower in comparison to that of the M95Q5F0 and M90Q10F0 AMCs
which were cast through the inclusion of only quartz particles as a reinforcement. The
density of the M95Q0F5 AMC was approximately 42% lower than that of the LM13 alloy
(M1Q0F0 AMC), while the density of the M90Q0F10 AMC was nearly 7% lower than that
of the unreinforced M1Q0F0 AMC. On the other hand, the density of the M95Q5F0 and
M90Q10F0 AMCs was approximately 38% and 4% lower than that of the M1Q0F0 AMC,
respectively. Air, which is a heterogenous mixture of several gases, has a specific heat
capacity of 1000 J/kgK at constant pressure, which is high in comparison to the specific heat
capacity of LM13, which is 872 J/kgK. The inclusion of air within AMCs tend to increase the
heat storage capacity of AMCs. Thus, fly ash-reinforced AMCs are suitable to be employed
in such applications wherein the required material needs to act as a thermal reservoir.
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The obtained results indicated that the composites with quartz as a reinforcement
had higher thermal conductivity in comparison to the composites cast with the addition
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of only the fly ash particulate reinforcement. The thermal conductivity of the M95Q5F0
and M90Q0F0 AMCs was found to be 63.72 and 92.74 W/mK, respectively, at 250 ◦C. On
the other hand, the M95Q0F5 and M90Q0F10 AMCs possessed a thermal conductivity
of 49.81 and 78.20 W/mK, respectively, at 250 ◦C. The thermal conductivity at 250 ◦C of
the 5 wt.% fly ash-reinforced M95Q0F5 AMC was approximately 21.82% lower than the
thermal conductivity of the 5 wt.% quartz-reinforced AMC at the same temperature. This
could be due to structural properties of fly ash, which is a porous material [55,56]. Any
entrapment of air and gas cannot be ruled out in such porous structures. Air has a very
low thermal conductivity and creates a barrier for the flow of heat through the material,
which reduces the overall thermal conductivity of the material. Quartz, on the other
hand, is an irregularly shaped ceramic material which is characterized by a high thermal
conductivity [57]. The M90Q10F0 composites cast with only quartz as a reinforcement
tended to have a higher thermal conductivity in comparison to the other composites cast in
this study. The irregularly shaped quartz particles have many active surfaces that promote
a stronger adhesion with a matrix material than the smooth fly ash particles. This makes
AMCs denser with fewer pores. For the hybrid composites, thermal conductivity was
high for the M80Q10F10 AMCs and low for the M90Q5F5 AMCs. At 250 ◦C, the thermal
conductivity of the M80Q10F10 AMCs was 92% higher than the thermal conductivity of
the M90Q5F5 AMCs. Of all the cast AMCs, M90Q5F5 had the lowest thermal conductivity
of 48.06 W/mK, while the M80Q10F10 AMC had the highest thermal conductivity of
92.55 W/mK. This indicated that a 5 wt.% inclusion of quartz was not sufficient to make
the AMC denser with reduced porosity and, thus, that the effect of 5 wt.% fly ash was more
pronounced in M90Q5F5 AMCs. With a 10 wt.% inclusion of both quartz and fly ash in
M80Q10F10, the mechanical reinforcement of the matrix became sufficiently high, which
in turn reduced the shrinkage porosity; in addition, there was good intermetallic bonding
between the matrix and the reinforcing particles. Such bonding helps to improve the
thermal conductivity of AMCs. Thus, it can be concluded that hybridization is an effective
way to tailor and tune the thermal conductivity of composites to suit specific requirements.

4. Conclusions

The idea behind the use of composite materials in place of conventional materials is
to decrease the cost and weight of materials without compromising their other properties.
The incorporation of industrial waste in the form of fly ash and abundantly available
resources such as quartz as reinforcements is greatly beneficial for decreasing the cost as
well as the weight of materials. The composites cast with only fly ash as a reinforcement
were less dense in comparison to the composites having only quartz and both quartz
and fly ash as reinforcements. The density of the 5 wt.% and 10 wt.% fly ash-reinforced
AMCs was reduced by nearly 42% and 7%, respectively, in comparison to that of the
unreinforced AMCs, whereas the density of the 5 wt.% and 10 wt.% quartz-reinforced
AMCs decreased by approximately 38% and 4%, respectively, when compared with the
density of the unreinforced AMCs. The specific heat capacities of the quartz-reinforced
AMCs were lower than those of the AMCs reinforced with fly ash. The thermal properties,
such as thermal diffusivity and thermal conductivity, tended to be higher for the hybrid
composites with both quartz and fly ash as reinforcements. Also, we can conclude that the
thermal properties of the cast composites mainly depended on the characteristics of the
included particulate reinforcement. The porous structure of fly ash resulted in lowering the
thermal conductivity of the cast composites, while quartz, with higher thermal conductivity,
was proven to be beneficial for improving the thermal conductivity of the composites. The
thermal conductivity at 250 ◦C of the M95Q0F5 AMCs was approximately 21.82% lower
than the thermal conductivity of the M95Q5F0 AMCs. Amongst all the cast AMCs, the
lowest thermal conductivity of 48.06 W/mK was recorded for the M90Q5F5 AMC, and the
highest thermal conductivity value of 92.55 W/mK was obtained for the M80Q10F10 AMC.
Thus, through hybridization, it is possible to fine-tune the thermal properties based on the
targeted application.
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