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Thesis Title

: Developing a Ceramic Composite for Applications In Power Electronic
Substrates

Major Field

: Mechanical Engineering

Date of Degree : April, 2016
The performance of components in power electronics depends on the effective dissipation
of the heat generated within them to the environment in a short period of time. In this
present work a new ceramic material to replace alumina in power electronic substrate is
to be designed, developed and tested. The new ceramic material must possess higher
thermal conductivity and lower coefficient of thermal expansion values to alumina, but
should retain the environmental and economic benefits of alumina. In order to achieve
these, the material was designed to be an alumina composite with either of silicon
carbide, chromium or diamond as fillers. Analytical models for predicting composite’s
effective properties were used to select the appropriate filler volume fraction and particle
sizes (chapter 3). With a volume fraction of 20%SiC and particle size of 31µm, spark
plasma sintering (SPS) was used for consolidating the composite. The newly developed
composite exhibited higher thermal conductivity (from 33 to 38W/m2 K) and lower CTE
(from 5.6 to 4.7µm/m-°C) values as compared to pure alumina (chapter 4). Furthermore,
the performance of this newly developed material on the thermal-structural and fatigue
life of the direct bonded copper (DBC) substrate revealed that, the newly proposed
ceramic (alumina composite) has better thermal-mechanical performance and enhanced
fatigue life (about 100% higher) as compared to an alumina DBC substrate (chapter 5).
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1 CHAPTER 1

INTRODUCTION

1.1

Power Electronic Substrate

Power electronic substrates are used in providing interconnection pathway for power
electric circuits. They are commonly found in power electronic modules where they
provide electrical and thermal contacts for power components and semiconductors
mounted upon them. They also provide electrical insulation where needed within the
power module. A brief schematic of the substrate is shown in figure 1.1 below.

Figure 1.1 Structural details of a power electronic module [1]
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Power electronic modules (as shown in figure 1.2) are commonly found in inverters, solar
panels, electric vehicles, automotive systems, power plants and other power industrial
machines. They provide physical containment for several power components and
semiconductors (as shown in figure 1.3), these components and semiconductors may
carry voltage and currents up to 1200V and 75A respectively [2].

Figure 1.2 High-Power 1/3 phase power module [3]

Figure 1.3 General design of a power module with silicon soldered to a ceramic substrate
[5]
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1.2

Types of Power Electronic Substrates

These power electronic substrates are usually of different types, and include;


Direct bonded copper substrate (DBC) or direct copper bonded (DCB): This
substrate type is composed of a ceramic tile bonded and embedded between two
copper sheets (as shown in figure 1.4 and 1.5). This substrate is most suited for
mounting large power semiconductors [4].



Direct bonded aluminum substrate (DBA): It’s similar to the DBC, just that the
ceramic tile is embedded between aluminum sheets and not copper sheets. It has a
better temperature capability than DBC substrates [4].



Direct bonded silver substrate (DBS): It’s still similar in design to the DBC, but
instead of copper sheets it uses silver sheets. Also its preferred ceramic is alumina
which is embedded between the two silver foils or sheets. Its main advantage over
DBC is its simplicity to manufacture at a lower temperature than DBC [6].



Active metal brazed substrate (AMB): In its design, thick metal layers are attached
to ceramic plates. The AMB is electrically similar to similar to DBC but it’s only
suited for small production lots.



Insulated metal substrate (IMS): It consists of a metal baseplate which is usually
aluminum covered by thin layer of an epoxy dielectric material and a layer of copper
(as shown in figure 1.6). When compared to classical printed circuit boards, they
provide better heat dissipation.

Common ceramics used in DBC and DBA are silicon nitride, aluminum nitride, alumina,
and beryllium oxide. DBS uses only alumina.
3

Figure 1.4 Structure of a “Direct Bond Copper” (DBC) Substrate [2]

Figure 1.5 DBC substrate for power LED [7]
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Figure 1.6 Structure of an “Insulated Metal Substrate” (IMS) [2]

1.3

Direct bonded copper substrate (DBC)

Out of all substrate type discussed above the direct bonded copper substrate (DBC) (as
first developed by Sun and Burgess [8], [9] in 1975) is the most efficient power electronic
substrate. It is widely used in power modules because of its excellent thermal
conductivity, high electric conductor current carrying capability across the top surface of
the substrate, very high electrical insulation along the thickness of the substrate, low
capacitance and controlled thermal expansion properties [10], [11]. The low coefficient
of thermal expansion of the substrate makes it possible to solder silicon semiconductors
with large-area directly unto the substrate surface without causing thermal fatigue
failure[10]. Its high electrical insulation capabilities grantees the safety of all persons
within the vicinity of a work power module [12]. The substrate has proven to be an
excellent solution to thermal and electrical management of high power semiconductor
modules [13].
5

The DBC substrate has a super-thin base and eliminates the need for heavy, thick copper
bases that were used in the past. DBC encourages close packaging of power chips which
implies more power chips per unit volume. This close packing of chips has resulted in an
improvement of the efficiency and performance of power modules.
In the DBC substrates, the copper is bonded to the ceramic by a high-temperature
oxidation process. In this process, the copper and ceramic are heated to a carefully
controlled temperature in the presence of oxygen and pressed against each other, at this
temperature, a copper-oxygen eutectic is formed which bonds the copper to the ceramic.
The top layer copper of the substrate could be chemically etched (same technology used
in printed circuit board) to form an electrical circuit or pathway, while the bottom layer is
usually kept plain. Due to the high bonding strength between the copper and the ceramic,
the coefficient of thermal expansion (CTE) of the substrate is always controlled by the
properties of the ceramic [10]. The ceramic has the capabilities of reducing the overall
CTE of the substrate to matching it with the CTE silicon semiconductors [10]. By
varying the thickness of copper and ceramic or changing ceramic type, one could
influence the overall resulting CTE value of the DBC substrate in order to avoid CTE
mismatch with different semiconductors.
The top copper layer in the DBC substrate provides an electric pathway for the power
components and semiconductors mounted on the substrate. The bottom copper layer
effectively discharges the heat from the power components and semiconductor to the
environment or heat sinks. The ceramic layer provides a rigid support for the top copper
layer (electric pathway) and ensures electrical insulation between the electric circuit and
the heat sink as seen in figure 1.7.
6

Semiconductor

Solder
Copper

Ceramic
Copper
Figure 1.7 Profile of a “Direct Bonded Copper” (DBC) Substrate

1.4

DBC Ceramics

Most ceramics materials have good mechanical and favorable thermal properties [14], as
a result of these two desirable properties, ceramics are mostly used in variety of
applications such as cryogenic applications [15], [16], structural applications, thermal
barrier coatings [17]–[19], burners [19], heat sinks [20], electronic packaging (substrate
for power devices) [17], [18], [21], cutting tools [22] and insulating layers/materials [19],
[23]. Ceramics with high porosity fraction are used as thermal insulators due to the high
thermal resistance provide by the pores [23]. Thus, the material used for DBC or DBC
applications must possess the following properties:
1. Good thermal conductivity value for easy of heat dissipation and good heat spread
capabilities
2. Coefficient of thermal expansion value close to that of silicon in order to avoid
interface layers
7

3. Appreciable mechanical strength with a mechanically stable shape
4. Good thermal shock resistant
5. Good thermal cycling stability
6. Very good electrical insulator
7. Good adhesion and corrosion resistant
8. Environmentally friendly
Only few ceramic materials possess the above properties as discussed below:
1. Alumina: This is among the ceramic materials widely used for electronic
applications. It is economical, popular and readily available as compared to other
ceramic materials [24],. It exhibits an excellent structure as well as some desirable
properties like high thermal conductivity, excellent compressive strength, lower
dielectric characteristics, electrical insulation, good thermal and chemical stability.
However, its use for certain applications is limited by its poor fracture toughness and
mechanical properties [20], [25], [26] which can be improved by adding certain filler
materials (e.g. carbon nanotubes, metallic particles (with the exception of silicon and
manganese particles [25]), etc.) into alumina matrix. Alumina finds extensive
applications in the electronic industries [20], [27], [28], biomedical [29], cryogenic
engineering [15], [16], [21], wear and corrosion applications, cutting tools, thermal
barrier coatings, etc.
2. Aluminum nitride: This is an electrically insulating ceramic material which has very
high thermal conductivity, non-toxic nature [30] and stability at high temperatures.
Aluminum nitride has a coefficient of thermal expansion close to that of silicon and a
very good thermal shock resistance [31]. Aluminum nitride is commonly used for
8

surface acoustic wave sensors, radio frequency (RF) filter, ultrasound transducers,
light emitting diodes, electronic substrates and other military applications. Although it
has the most of the desired properties for DCB applications, it is very difficult to
successfully bond metals to its surface due to its poor metal wetting property [32].
3. Beryllium oxide: This is an amorphous solid which also exhibits good electrical
insulation and excellent thermal conductivity properties. Its thermal conductivity is
even higher than that of some metals.
Out of all DBC ceramic materials, alumina and aluminum nitride are the only two
environmental friendly ceramics. Even though, the two ceramics have gained lot of
popularity in the electronic industry as electronic substrates, alumina is mostly used
because of it low cost and availability. Beryllium oxide (which is relatively cheap as
compared to alumina) and silicon nitride are not used because they emit toxic fumes
when exposed to the environment. In DBC applications, alumina ceramic provide better
bonding strength to copper surfaces as compared to other DBC ceramics, and this has
singled out alumina as the most suitable ceramic for DBC substrate applications.
Table 1.1 summarizes the critical properties of all DBC ceramic materials ever used.
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Table 1.1 Properties of commonly available DBC ceramics [11], [33]

Aluminum

Tensile

Compressive

Flexural

CTE

modulus

strength

strength

strength

(W/m2-K)

(µm/m°C)

(GPa)

(MPa)

(MPa)

(MPa)

10

24-28

7.4

370

300

3000

400

1.0E+10

14

≥150

4.5

330

-

2100

320

3.29

1.0E+12

-

30

3.2

300

350

3000

750

3.02

1.0E+3

-

≥248

8

345

-

-

-

Dielectric

Thermal

Density

resistivity

strength

conductivity

(g/cm3)

(ohm-cm)

(kV/mm)

≥96%

3.96

1.0E+14

≥97%

3.26

-

-

Purity

Alumina

Young’s

Electrical

nitride
Silicon
nitride
Beryllium
oxide
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1.5

Problem description

Alumina has a lower thermal conductivity value as compared to aluminum nitride; this
hinders its capability to efficiently dissipate heat across the DBC substrate when used as a
DBC ceramic. In the present work, a new material which could replace alumina in DBC
substrates is to be developed. The material is expected to have enhanced properties (such
as thermal conductivity) as compared to alumina, but it must also be able to sustain the
adhesive strength, economic and safety benefits of alumina. Thus, this new ceramic
material will have more efficient heat dissipation capability than alumina when used for
DBC application. Since no other material matches these desired characteristics, an
alumina composite was selected. The composite should have better higher thermal
conductivity and lower CTE properties as compared to commercial alumina.

1.6

Thesis Objectives

The objectives of this work are:
1. To design an alumina composite for use as DCB substrate material with enhanced
properties(improved thermal conductivity and reduced coefficient of thermal
expansion)
2. To develop and characterize the composite material
3. To evaluate the performance of DBC substrates.
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2 CHAPTER 2

LITERATURE REVIEW

2.1

Electronic Substrate

New generation electronics use integrated or microelectronic circuits which are usually
comprised of millions of interconnected resistors, transistors or other components built as
a single assembly on a tiny chip of silicon. Maintaining the reliability and durability of
these microelectronic circuits depends largely on the electrical and thermal properties of
the materials which serve as the base on which these microscopic electronic components
are mounted upon [34]. The materials which serve as the base upon which these
microscopic electronic components are mounted on are known as electronic substrates.
Ceramics has become the most common electronic substrate materials due to their extralow electrical and thermal conductive abilities; this enables them to be used as perfect
heat dissipating electrical insulators. Out of all ceramic materials employed as electronic
substrates, alumina is the most dominate material. The advantages of alumina over other
ceramics include excellent thermal stability, high resistivity to electricity, good dielectric
strength, excellent corrosion stability and mechanical strength, but it has a relatively low
thermal conductivity and high dielectric constant.
The ceramic substrate is usually made as either thin or thick films. These films are
commonly fabricated using the tape casting process. In tape casting, the ceramic
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particles, fillers, and other additive materials are dissolved/dispersed in a solvent to form
a slurry. The slurry is then layered onto a moving carrier and allowed to dry [35].

2.2

Earlier works on DBC substrates

Over the years, the core work into DBC substrates has mainly been either improving the
bonding strength between the copper and ceramic surfaces or optimizing the DBC
structural design to reduce failure. Recent research works so far on DBC ceramics were
done to improve the thermal performance of DBC alumina ceramics.
Manufacturing of DBC substrates has solely been with Al2O3 and AlN ceramics. The
manufacturing process uses a special fusing technique at a temperature range of 1065°C
and 1085°C. At this temperature range, the copper reacts with oxygen on the surface of
the ceramic to form a eutectic liquid of Cu-O and when cooled down the eutectic liquid
consolidates with the copper plate and the ceramic to form a good bond [36], [37].
Surface treatment of the copper and ceramic surfaces is necessary before the
consolidation process [7]. In another fusing technique, a thin layer of copper oxide
applied at the interface between the copper and ceramic just before or during the bonding
process, after which it is heated up to a temperature range between 1065 and 1083 °C.
The copper oxide melts at its eutectic and meets the ceramic while the copper retains it
solidity thereby creating a tight bond [38]–[40].
In a direct bonding routine, the copper and ceramic sheets are placed on top of each other
ensuring a good contact over the entire area. The materials are placed in a muffle furnace
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whose temperature is controlled by a defined temperature profile which is between the
eutectic copper-copper oxide melting point (1065 °C) and that of copper (1083 °C). This
temperature range is important for a proper connection between the copper and ceramic
surfaces. The copper is only allowed to melt at its surface and not its entire volume and a
low oxygen concentration must be maintained inside the furnace during the process. This
developed technique would make it possible to produce DBC substrates with maximum
copper thickness layer of about 0.7 mm which has been difficult to achieve by other
previous methods [7].
Hot pressed AlN ceramic and oxygen-free high conductivity copper (OFHC) foil was
used for the copper bonding experiments. The copper foils after cutting into the desired
shape and degreased ultrasonically were bonded to the AlN ceramic substrate by heating
the assembly at of 30 °C/min to a temperature range of 1065-1075°C for 5-60 minutes in
a nitrogen atmosphere. It was concluded that modifying the surface of AlN or altering the
chemical composition of the copper foil, a bond could be achieved. It was also concluded
that a stronger bond exists between alumina and copper than aluminum nitride and
copper which is due to the formation of an intermediate phase (CuAlO2) between the
interface of alumina and copper [11], [41]. In order to perform DBC process with
aluminum nitride, before any bonding could be achieved, the surface of aluminum nitride
has to me converted into alumina via the heat and oxygen [38].
Hong (2007) confirmed the formation of an intermediate phase (CuAlO2) between the
interface of the alumina substrate and copper sheet. He proposed a new method of
bonding copper to ceramic; by applying a thin layer of cuprous oxide (Cu2O) in-between
the copper and alumina interface and heating to eutectic temperature in a nitrogen
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atmosphere a firm bond was obtained. The bond showed no sign of de-bonding after 50
cycles of thermal fatigue which implied a very good thermal shock performance [36].
Over the years, there have been few research efforts as regards the reliability of DBC
substrates. A relationship was found to exist between the partial pressure of oxygen
during the manufacturing process and the interface bonding strength between copper and
the ceramic [42]. In a research to study the relationship between thermal fatigue life and
thermal (temperature) cyclic load, it was discovered that the thermal fatigue life of DBC
substrates decreases as the peak temperature in thermal cycling was increased [11], [43].
In the decohesion of metal-ceramic interfaces, it was observed that plastic deformation
occurring in the metal significantly influences the interface cohesion strength [44]. So it
is important to pay more attention to the plasticity of the copper layers in DBC substrates
and finite element analysis could be used to achieve this.
Pietranico [45], [46] in his works studied the mode of fracture mechanisms in DBC
substrates. He observed and concluded that the fatigue life of DBC substrate corresponds
to a fatigue crack growth in the copper region near the copper/ceramic interface when the
critical temperature and cyclic conditions were reached. At these conditions the crack
expands and breaks the ceramic, and also a natural defect in the ceramic could be a
possible failure mechanism [45]. In summary, the fatigue life of a DBC substrate can
easily determine the overall lifetime of the whole power electronic device [47], [48]. As
the copper layer suffers from periodic plastic loading caused by thermal cycling load, the
plastic strain will accumulate and finally causes the copper to fail.
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An experimental setup was used to simulate the thermal cycling effects of DBC
substrates. The samples were removed after every ten cycles at room temperature for
observations under an optical microscope. The samples were observed for fatigue cracks
at the interface between copper and the ceramic. After observations, the samples were
kept back into the heating chamber and the thermal cycling continues. The fatigue crack
in alumina DBC substrates do stop propagating in the alumina ceramic after some
thermal cycling time. The copper layer does not split completely away from the ceramic
[11].
The capacitance between the upper and bottom plates of a DBC substrate can be used as
an aging indicator [46]. The DBC substrate can be regarded as a plate capacitor because
an electrically insulating ceramic has been placed between two copper plates. Its
capacitance is directly related to the copper layer area and the distance between the two
copper plates. If a failure in the form of copper-alumina delamination or cracks in the
ceramic occurs, the gap between the two copper plates increases thereby causing a
reduction in capacitance value [49]. In other words, a drop in the capacitance value of a
DBC substrate means the start of its failure.
Ductile materials like copper are susceptible to plastic failure whenever they come under
several cycles of periodic plastic loads. In order to describe the cyclic failure mechanisms
of ductile materials whose cycles are below 104 cycles (low cycle fatigue (LCF)) and to
predict the cyclic life of these materials under cyclic loads, the Manson-Coffin’s law [50]
as given in Eq. (2.1) is usually used. The equation is based on the plastic strain amplitude
of the material under the cyclic load.
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Where

∆

=�

(2.1)

and � represents fatigue ductility exponent and fatigue ductility coefficient

respectively are material constants, ∆
fatigue life.

is the applied plastic strain rate and � is the

In other situations where the number of cycles is very small, way below 100 cycles
(extremely low cycle fatigue (ELCF)), Manson-Coffin law can’t predict the cyclic life.
Thus Xue’s [51] model as shown Eq. (2.2) which is an improved version of MansonCoffin law fits well for the prediction.
�=

�−

� � ⁄��

(2.2)

−

Where N is the fatigue life, c and � are material constants, � is a function of the plastic
principle strains (� , � , � ) as seen in Eq. (2.3) and � is the total plastic failure strain.
� = √ ∗ √�

+�

+�

(2.3)

In order to improve the reliability of alumina DBC substrates, a ladder-shaped DBC
structure was proposed, the ladder shaped DBC when investigated proven to be stronger
under thermal cycling loads [49]. Some researcher says that the fatigue life-cycle of
alumina DBC substrates could be improved by increasing the copper yield strength or
reducing the copper layer thickness because ductile copper has the tendency of alleviating
stress concentration [11].
Zirconia toughened alumina (ZTA) ceramics has excellent bending strength and fracture
toughness as compared to alumina and aluminum nitride. Its high performance-price-ratio
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and heat dissipation capabilities close to that of alumina make it a good substitute in
place of alumina for use as a DBC ceramic material. The ZTA for DBC was developed
via tape casting at a sintering temperature of 1600 °C. By manipulating the structure of
ZTA ceramic and the properties of copper, the lifetime of DBC substrate in thermal
cycling could be extended by a factor of about two without a significant change in the bill
of material [40].

2.3

Effective Thermal Conductivity

The effective thermal conductivity of a ceramic and its composites (especially alumina
[22]) is always of general interest as it may influence the thermal performance and other
properties like thermal shock resistance, modulus of elasticity or electrical conductivity
directly or indirectly [19], [52]–[56]. Effective thermal conductivity is predominantly
determined by the level of porosity in the ceramic material [23], [24], [57], the pore size
distribution and microstructure organization [23]. Commercial alumina with a purity of
about 96-97% has a thermal conductivity between 20-24 W/m2-K [20], some 35 W/m2-K
[24], 28 W/m2-K [27], but pure alumina is about 40 W/m2-K [20] which is higher than
those of most oxides and glasses [20].
The effective thermal conductivity (� ) of composites were evaluated using the flash
laser method [20], [22], [23], [57]–[62], this method measures the thermal diffusivity of
the composite in question. A standard formula (� =

� � ) relates these measured

thermal diffusivity coefficient value ( ) to thermal conductivity, where bulk density (�)
of the composite and specific heat capacity (� ) of the composite are calculated or
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derived from literature. The laser flash technique involves heating up the front surface of
the sample by an optical pulse, the temperature-time behavior of the rear surface is then
monitored and analyzed to determine the characteristic times necessary for the
calculation of thermal diffusivity using Degiovanni’s equations.
Passing heat flux (�) through a test specimen material under steady state heating
conditions, measuring the temperature difference (∆ ) across the specimen’s thickness ( )
and evaluating the effective thermal conductivity (� ) using � = � ⁄∆

is another

method used in evaluating the effective thermal conductivity of a material. This known as
the steady-state laser heat flux test method [63].
It was demonstrated that temperature dependence of the thermal conductivity of a
composite is not determined by simple summation of the thermal conductivity of its
components, but it’s being affected by new phases formed in reactions between the
components while sintering. The composition dependence of the thermal conductivity of
a composite can be determined by simple summation of the thermal conductivity of its
components in the absence of a reaction between its components [64].

2.4

Earlier Works in Enhancing the Properties of Alumina

Earlier efforts in the past have been made to improve the thermal conductivity, fracture
toughness and other properties of alumina by adding certain percentages of other material
having the desired property to be enhanced. By adding certain percentages of copper
powder, thermal conductivity and other electrical properties were slightly varied, which
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was later traced back to the instability of copper in the presence of oxides at 900°C [27].
It was observed that metallic filler materials increase the fracture toughness of alumina.
The thermal conductivity of atmospheric sprayed plasma coatings of alumina mixed with
carbon nanotubes (CNTs) was studied, but it was difficult to explain those factors that
contributed to a decrease in thermal conductivity value as the percentage of CNTs in the
matrix increased [65].
Zhan and Mukherjee also recorded a decrease in thermal conductivity values of
CNT/Al2O3 composites synthesized using spark plasma sintering (SPS) [66], but in
contrast, higher thermal conductivity values were recorded when the weight percent of
CNTs in Al2O3 matrix was increased. The increased value of thermal conductivity was
associated with the large density of the sample, the CNTs were synthesized on alumina
powder by direct growth after which it was spark plasma sintered [67]. Multiwall carbon
nanotubes (MWCNTs) synthesized by the decomposition of propylene in a Fe/Al2O3
catalyst was mixed with an alumina matrix using an ultrasonic mixer initially and later
mixed in a ball miller for 24hr, the mixture was later sintered at 1400°C in vacuum for
3min using spark plasma sintering. The effective thermal conductivity and density of the
resulting composite was found to be decreasing with an increase in MWCNTs fillers [58],
which was associated with the presence of CNT agglomerates at higher volume fractions
and in turn caused an increase in phonon-interface scattering by the nanotubes in the
alumina matrix [58], [68]. Furthermore alumina powder added into dispersed and
stabilized MWCNTs was ball milled for 24 hours while adding a temporary dispersant
and binder, the obtained mixture was lyophilized in order to obtain a dry granulate form,
the granulates were later then either hot pressed or rapid press at 1550℃ for densification
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under an argon atmosphere [68]. Higher thermal conductivity values were observed from
the hot pressed pure alumina samples than the rapidly pressed samples, but as CNTs were
introduced into the alumina matrix, the high thermal conductivity values observed for the
rapid press samples was declining as the percentage of CNTs in the alumina matrix
increased, an improvement in electrical conductivity was also observed [68]. Also highperformance graphene/alumina nanocomposite with improved electrical and dielectric
properties was synthesized by the reduction of graphene oxide at 1000℃ to give
graphene; the resulting graphene dispersed in isopropyl alcohol was then ultrasonically
and mechanically mixed with alumina also dispersed in isopropyl alcohol and dried in a
hot water bath. The powder was spark plasma sintered at 1550℃ under a pressure of
50MPa in a vacuum [26].
Nickel/Alumina composites were produced by hot pressing blends of nickel and alumina
in a graphite die in order to determine the phase morphology, electrical resistivity was
seen to increase rapidly and tendering towards the resistivity value of pure nickel at a
nickel volume fraction of 25% and above [69]. Liu [62] identified three methods for the
synthesis of a nickel/alumina composite; the first method was to mix alumina powder
with the desired amount of nickel-oxide powder, the mixture ball milled for 24h and
reduced in a hydrogen atmosphere at 800℃ for 50h, then sintered at 1600℃ in a
hydrogen atmosphere for 10h. The second method was similar to the first but just for the
fact that the sintering temperature was at 1650℃ in a carbon monoxide atmosphere for an
hour. The last method was to mix fine alumina powder with nickel nitrate, the mixture
heat treated at 500℃ in a hydrogen atmosphere for 50h followed by hot pressing at
1400℃ in a vacuum for an hour under a load of 30MPa. The major differences of the
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three composites produced were the particle size of the nickel component embedded in
the alumina matrix, which was 1, 2.2 and 1 µm for the first, second and third
respectively. Thermal properties of the composite deceased with a decrease in the filler
particle size which was associated with the increase in interfacial area between alumina
and nickel particles. It was suggested that in order to improve the thermal conductivity of
alumina using nickel fillers, the particle sizes of the nickel has to be at least 1.4µm [62].
There is a strong dependence of matrix type, as well as silicon carbide (SiC) filler shape
and size on the thermal behavior of the resulting composite. The addition of SiC platelets
in the range of 0 – 30 vol% into alumina matrix increased its thermal conductivity and
diffusivity when the samples were sintered via hot pressing at 1500℃ and 50MPa
uniaxial pressure in an argon environment. It was also reported that thermal conductivity
value increased with the improved SiC dispersion in alumina [22], but only a small
increase in thermal conductivity values have so far been achieved when about 30%
volume fraction of SiC was added to alumina matrix [70]–[72].
Powdered mixture of alumina and silver oxide ball milled in an ethanol solution for 24h,
the resulting slurry mixture dried in a rotary evaporator followed by die-pressing at
100MPa and sintered in air at a temperature range between 1500 and 1700℃ for 1h, the
Alumina/silver composite formed exhibited an increase in thermal conductivity as the
volume content of silver in the alumina matrix increased [60].
According to Itoh [59], an alumina-mullite composite was developed by mixing both
particles of alumina and mullite in an aqueous solution to form a fluid suspension, the
suspension was dried at room temperature for 7 days. The dried powder was hot pressed
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at a temperature range between 1723 and 1923K for 2h under a pressure of 39MPa in an
argon atmosphere. Thermal conductivity was found to decline as the volume percent of
mullite increases in the alumina-mullite composite [59].
In an alumina/chromium-carbide composite developed by a powdered mixture of alumina
and chromium-carbide which was ball milled in deionized water for the 24h, dried and
sintered by hot pressing at 1400℃ for 1h in an argon atmosphere under a pressure of
30MPa. The thermal conductivity value of the resulting composite decreased when 10
vol% of chromium-carbide was first introduced into the alumina matrix, but as the
chromium-carbide content starts to increase so does the thermal conductivity value
increased, this was associated with the formation of composite grain where the fine of
chromium-carbide is being trapped inside the alumina grain which may scatter phonons
more effectively [61].
In other cases alumina is been used as filler materials so as to improve the thermal
conductivity of other materials, an example is adding alumina to zirconia matrix [73].
Nano-sized alumina was used successfully to improve the thermal conductivity and
mechanical properties of silicon rubber (vinyl-end-blocked polymethylsiloxane) [74].
Nano and micro-alumina particles were also successfully used to improve the thermal
conductivity of high-density polyethylene (HDPE) blends, the polymer composite was
prepared by a two-roll mill at temperatures 140 and 130℃ for the front and back roll
respectively, and then extruded by injection molding at 200℃ [75].
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2.5

Effective Thermal Conductivity Analytical Model

From literature Maxwell [76] and Rayleigh [77] were one of the first to propose models
in predicting the effective thermal conductivity for low dispersion particles. Later years
Hadley [78] alongside Cunningham and Peddicord [79] developed an analytical model
used in determining the thermal conductivity of materials with spherical fillers.
Expressions for predicting the effective thermal conductivity of a composite with
homogeneous matrix phase was derived by Hasselman and Johnson [80]. The expressions
were derived by modifying the theories of Maxwell and Rayleigh [77]. The thermal
conductivity mixing rule for composite materials was summarized by Wang and Pan
[81]. Using Maxwell’s, Hamilton’s, reciprocity and the parallel models, the thermal
conductivity of two-phase systems was analyzed [81]. In a more recent study, a thermal
conductivity model developed by using alumina-mullite as a case study, the model shows
the influence of pores and mullite particle size on the measured thermal conductivity
value, but the model is effective only for composites with at least 25% porosity [59].

2.6

Chapter Summary

This chapter has provided:


An exhaustive review of research works on various aspects power electronic
substrates



The knowledge gap in earlier investigations



The objectives of the present work
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Also an extensive review of research works on various aspects of alumina and
alumina composites

The next chapter would present the design and development of a new material to replace
alumina as a DBC ceramic.
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3 CHAPTER 3

MATERIAL DESIGN

3.1

Material Design

In this chapter, a methodology for the selection of an appropriate material configuration
that best fits our target application is presented. In the case of a DBC ceramic, the
designed material should exhibit better thermal conductivity and coefficient of thermal
expansion than alumina while maintaining alumina properties like high elastic modulus,
low electrical conductivity and good bonding to copper. Table 3.1 below shows the
properties of alumina and the desired properties of our proposed material.

Table 3.1 Properties of alumina and target properties of proposed material
Thermal
Conductivity

CTE
(µm/m-°C)

Young’s

Electrical

Density

Modulus

Conductivity

(g/cm3)

(GPa)

(mho/cm)

2

(W/m -K)

Alumina

24

8

370

< 1.0 E -10

3.92

Proposed

24 - 250

3-8

350 - 400

< 1.0 E -10

<4

Material

26

3.1.1 Matrix Selection
Based on the problem description, the new material should be able to maintain the
adhesive strength, economic and environment benefits of alumina, but should have
increased thermal conductivity and reduced coefficient of thermal expansion (CTE). The
only viable way to achieve these objectives is by using an alumina matrix composite.

3.1.2 Filler Selection
Having decided alumina as the matrix material, the next task is the selection of the filler
material for the composite. Candidate filler materials as shown in the table 3.2 below
were chosen at random based on literature and certain properties that these materials
possess. For the proposed material, its thermal conductivity and coefficient of thermal
expansion values have to be higher and lower than that of alumina respectively and while
trying as much as possible to maintain electrical conductivity values. The intending filler
material has to possess high thermal conductivity and lower coefficient of thermal
expansion values than that of alumina, alongside minimal electrical conductivity. Based
on these criteria, some of the candidate filler materials were eliminated. Nickel, cobalt,
and zirconium oxide were eliminated from the list of candidate filler materials because
their coefficient of thermal expansion values are higher than that of alumina, adding them
into alumina matrix would only further increase its CTE further. Fused silica, on the other
hand, has a low thermal conductivity value and these would only reduce the thermal
conductivity of alumina. Silicon and graphite have a low modulus of elasticity values,
and these would only further reduce alumina’s modulus of elasticity. The finalized list of
candidate fillers is shown in Table 3.3
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Table 3.2 Properties of candidate filler materials, where alumina is used as benchmark
for properties [2], [33]
Candidate

Thermal

Filler

Conductivity

Materials

CTE
(µm/m°C)

(W/m2-K)

Young’s

Poisson Electrical

Modulus Ratio

Resistivity

(GPa)

(mho/cm)

Alumina

24

8

370

0.22

Nickel

60.1

13.1

207

Cobalt

69.21

12.5

Chromium 69.1
Silicon
Silicon

<1.0E -14

Density Melting
(g/cm3)

Temp.
(°C)

3.96

2072

0.31

14.3062E+6 8.89

1450

211

0.32

17.8574E+6 8.9

1495

6.2

248

0.21

15.1515E+6 7.19

1950

124

2.49

150

0.28

4.3478E-4

3.21

1414

120

4

410

0.14

1.0E-4

3.1

2730

1.38

0.55

73

0.17

<1.0E-10

2.2

1715

Diamond

1200

1.18

950

0.18

1.0E-16

3.51

3550

Graphite

24

2.6

4.8

0.18

10.2040E+4 2.26

5530

Zirconium

2

10.3

210

0.18

Carbide
Fused
Silica

oxide

28

<1.0E-10

5.5

2715

Table 3.3 Selected filler materials and their properties
Candidate

Thermal

Filler

Conductivity

Materials

CTE
(µm/m°C)

(W/m2-K)

Young’s

Poisson Electrical

Modulus

Ratio

(GPa)

Resistivity

Density Melting
(g/cm3)

Temp.

(mho/cm)

(°C)

15.1515E+6 7.19

1950

Chromium 69.1

6.2

248

0.21

Silicon

120

4

410

0.14

1.0E-4

3.1

2730

1200

1.18

950

0.18

1.0E-16

3.51

3550

Carbide
Diamond

3.1.3 Filler Volume Fraction and Particle Size Selection
The volume fraction of filler materials in a particulate filled composite has a direct effect
on the properties of the composite formed; the filler volume fraction may improve or
reduce some certain properties of the composite. It is necessary to investigate the effects
of this filler volume fraction and particle size on our properties of interest which include
thermal conductivity, coefficient of thermal expansion, modulus of elasticity and
electrical conductivity.
In addition, the particle sizes of the filler particles in a particulate filled composite has a
direct effect on the thermal conductivity of the composite. Below a certain filler particle
size (known as the critical diameter or particle size), effective thermal conductivity
values of particulate composites would only reduce upon filler addition. This is due to
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the increase in the surface area of the inclusion particles as their size reduces. This has a
direct effect on thermal interfacial resistance between the particles of the filler and the
matrix materials. In selecting the appropriate filler particle size and volume fraction, the
flow chart in figure 3.1 below would be considered as a guild line for the selections.

Filler Volume Fraction
Selection

Thermal Conductivity
Model

Filler Particle Size
Selection

Expected Outcome

Vary Filler Particle
Sizes
Suitable Filler with
Suitable Volume
Fraction and Particle
Size Range

Coefficient of Thermal
Expansion Model

Modulus of Elasticity
Model

Electrical
Conductivity Model

Recalculate Effective
Thermal Conductivity
Values

Figure 3.1 Flow chart for the filler volume fraction and particle size selection

The thermal conductivity model used in predicting the effective thermal conductivity
values of a particulate filler composite was the product of an NSTIP project [82]. The
model is based on the multi-inclusion effective medium theory. The model can take into
account effects like the size, shape, orientation and volume fraction of all inclusions and
porosity. The model also takes into consideration the interfacial thermal resistance
between the matrix and inclusion particles. The thermal resistance arises due to material
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mismatch and imperfect interface conditions between the matrix and filler materials..
Table 3.4 shows the thermal interface resistance values used in the model for the three
finalized candidate filler materials. The model is shown in Eq. (3.1) and (3.2).

Table 3.4 Thermal interfacial resistant values and packing factors of filler materials [2],
[83], [84]
Thermal

Filler Material

Interfacial Packing Factor

Density

Resistant Value with

(g/cm3)

Alumina (m2-K/W)
Chromium

2.439 x10-9

0.682

7.19

Silicon Carbide

5.556 x10-9

0.6046

3.1

Diamond

6 x10-8 – 7 x10-8

0.34

3.51
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(3.4)

Where Keff,11, Keff,22 and Keff,33 are the effective thermal conductivity values of the
composite in all three components, Km is the thermal conductivity value of the composite
matrix, � is the volume fraction of all inclusion, � is the orientation of inclusions, � �

is a distribution function describing an ellipsoidal particle orientation and Lii are
geometrical factors which is dependent of the particle shape [84].
The effective coefficient of thermal expansion model is based on the mean-field
homogenization theory and the works of Benveniste [85]; the model as seen in Eq. (3.5)
is capable of predicting the effective coefficient of thermal expansion of a particulate
filled composite.
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(3.6)

is the effective coefficient of thermal expansion of the particulate composite,

is the coefficient of thermal expansion of the matrix, � is the coefficient of thermal

expansion of all inclusions, �
tensors of all inclusions,

is the stiffness tensors of the matrix, � is the stillness

is the volume fractions of all inclusions, and lastly,

and

are the second and fourth order identities respectively.
The modulus of elasticity model is a mean-field homogenization based model developed
by Doghri et al. [86] and is based on Eshelby’s 1965 seminal work. The strain
distribution at the micro-scale was related to the macro-scale strains using Eq. (3.7).
� � = � � �̅
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(3.7)

The homogenized elasticity tensor can be calculated using Eq. (3.8)
�̅ = ∑

��

(3.8)

And from Mori-Tanaka scheme
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Where � the elastic strain tensor of inclusions,

present, �
identity.

,

�
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−
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−
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−

,

(3.10)
(3.11)

is the volume fraction of inclusions

is the localized strain tensor of all inclusions and

is the fourth order

The electrical conductivity model by Pal R. 2007 [87] was used in predicting the
effective electrical conductivity property of a particulate filler composite. The equation as
seen in Eq. (3.12) is a general equation can be used to effectively predict the effective
electrical conductivity of composites.

�

⁄

�−

�−�

=

�

−�

�

− ��

(3.12)

� The relative electrical conductivity defined as �⁄� , � is the electrical conductivity
ratio defined by � ⁄� , and where � is the effective electrical conductivity value of the

composite, � is the electrical conductivity value of the matrix phase, � is the electrical
conductivity value of the filler, � is the filler volume fraction, �

is the maximum

packing factor of filler particles and � is a correction factor of the order unity which
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accounts for the deviations from the assumptions made by Maxwell in his electrical
conductivity model derivation.
For conducting particles dispersed in non-conducting matrix such that � → ∞, the general
equation becomes Eq. (3.13);

� =

�

−�

�

−

��

(3.13)

And for insulating particles dispersed in conducting matrix such that � → , the general
equation becomes Eq. (3.14);

� =

�

−�

�

�� ⁄

(3.14)

These models would be used to determine the resulting properties of the composites
formed when any of the three selected individual filler materials in table 3.5 at varying
volume fraction is combined with an alumina matrix. The results from the models would
be analyzed in order to select the appropriate suitable filler volume fraction and filler
particle sizes.
In the models used, all inclusions were assumed to be a perfect spheroid with even sizes,
shape, orientation and uniform dispersion across the matrix. Interfacial interactions
between the particles of the matrix and filler material is been taken care of within the
thermal conductivity model by introducing a thermal interfacial resistant value, but this
interfacial interaction effect is not considered in the other models used as they consider a
perfect bond between the matrix and filler phases.
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The modulus of elasticity, coefficient of thermal conductivity and electricity conductivity
model do not consider the effects of the filler particle size. Only the thermal conductivity
model considers this effect.
The three fillers would now be studied individually, and the property estimation models
would be used to evaluate the properties of the resulting composites.

Table 3.5 Properties of alumina and target properties of proposed composite material
Proposed Material

Thermal
Conductivity

Matrix

Alumina

Filler

Nil

CTE
(µm/m°C)

Young’s

Electrical

Density

Modulus Conductivity (g/cm3)

2

(W/m -K)

24



Chromium 24 - 250



Silicon

(GPa)

(mho/cm)

8

370

< 1.0 E -14

3.92

3-8

350-400

< 1.0 E -10

<4

Carbide


Diamond

1. Chromium Filler
Figure 3.2 below was generated using the effective thermal conductivity model discussed
earlier. If a large enough particle size is used, it can be seen that the effective thermal
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conductivity value of an alumina/chromium composite will increase as the volume
fraction of chromium in alumina increases. This is due to the fact that chromium has a
higher thermal conductivity value than alumina and the surface area of the particles is
large enough to overcome the thermal interfacial resistance value between the two
materials.
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Figure 3.2 Effective thermal conductivity of alumina composites against chromium filler
volume

Figure 3.3 shows the variation of the numerically derived effective CTE values of the
alumina/chromium composite as it varies with volume fraction of chromium fillers. If the
composite were to be developed, the property value is expected to behave as shown in the
figure because the filler material has a lower CTE than the matrix material, and the
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combination of the two materials would result in a CTE mismatch and thereby reducing
the overall CTE value of the composite.
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Figure 3.3 Effective coefficient of thermal expansion of alumina composite against
chromium filler volume

The behavior of figure 3.4 which shows the variation of the effective modulus of
elasticity of the composite with filler volume fraction is similar to the behavior the
effective CTE as shown in figure 3.3.
Figure 3.5 is a plot of the effective electrical conductivity of the alumina/chromium
composite as it varies with the volume fraction of chromium in alumina. The values from
the plot which was derived analytically shows the increase in the electrical conductivity

37

of the composite as the volume fraction of chromium fillers increases in the alumina
matrix. The plot is justifiable as chromium is an electrical conducting material while
alumina is an electrical insulating material.
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Figure 3.4 Effective modulus of elasticity of alumina composite against chromium filler
volume

Figure 3.6 which show the density variation of the alumina composite as the volume
fraction of filler increases. The values from the plot were derived using the rule of
mixtures in order to calculate the density of the resulting composite material as it the
volume fraction of fillers increases. It could be seen from the plot that the density of the
composite increases as the volume fraction of the filler increases, and this could simply
be associated with the fact that chromium has a far more high density value than alumina.
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Figure 3.5 Effective electrical conductivity of alumina composite against chromium filler
volume
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Figure 3.6 Density of alumina composite against chromium filler volume
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From figure 3.4 it can be seen that the modulus of elasticity of alumina reduces with
increase in the volume fraction of chromium. Beyond 15% volume fraction of chromium,
the modulus of elasticity value of alumina falls below our target property value of
350GPa. Therefore, the maximum allowable volume fraction of alumina is fixed at
15%.Likewise, a minimum benchmark was fixed at 5% volume fraction of chromium
because at 5% one could observe a tangible improvement in the thermal conductivity and
CTE properties of alumina composite.
The effective thermal conductivity value of particulate composites is a direct function of
the filler particle size. Below a certain filler particle size, thermal conductivity value
would only decrease upon an increase in the filler volume fraction. Above this critical
size, effective thermal conductivity of the composite will increase with increase in filler
volume fraction which is clearly shown in figure 3.7. Below the critical filler particle
size, the surface area of the filler particle is too small to overcome the interfacial thermal
resistant value between matrix and filler.
Figure 3.7 shows the variation of the effective thermal conductivity value of the alumina
composite with chromium filler particle sizes for the two limiting volume fractions that
were decided from figures 3.2 to 3.6. From figure 3.7, the minimum particle size which
could enhance the thermal conductivity value of alumina is around 0.5µm. Below 0.5µm,
thermal conductivity would only decrease and not increase. An average particle size of
5µm could be selected because at this value the effective thermal conductivity value of
the resulting alumina composite would not improve significantly.
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Figure 3.7 Effective thermal conductivity of alumina composite against chromium filler
particle sizes

2. Silicon Carbide Filler
Figure 3.8 below was also generated using the effective thermal conductivity model
discussed earlier. If a large enough particle size is used, it can be seen that the effective
thermal conductivity value of an alumina/silicon carbide composite will increase as the
volume fraction of silicon carbide (SiC) in alumina increases. This is due to the fact that
SiC has a higher thermal conductivity value than alumina and the surface area of the
particles is large enough to overcome the thermal interfacial resistance value between the
two materials.
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Figure 3.8 Effective thermal conductivity of alumina composite against silicon carbide
filler volume

Figure 3.9 shows the variation of the numerically derived effective CTE values of the
alumina/ silicon carbide composite as it varies with volume fraction of SiC fillers. If the
composite were to be developed, the property value is expected to behave as shown in the
figure because the filler material has a lower CTE than the matrix material, and the
combination of the two materials would result in a CTE mismatch and thereby reducing
the overall CTE value of the composite.
The behavior of figure 3.10 which shows the variation of the effective modulus of
elasticity of the composite with filler volume fraction is similar to the behavior the
effective thermal conductivity as shown in figure 3.8. As the volume fraction of silicon
carbide increases in the matrix, the effective modulus of elasticity of the composite
increases because SiC has a higher
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Figure 3.9 Effective coefficient of thermal expansion of alumina composite against
silicon carbide filler volume
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Figure 3.10 Effective modulus of elasticity of alumina composites against silicon carbide
filler volume
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Figure 3.11 is a plot of the effective electrical conductivity of the alumina/silicon carbide
composite as it varies with the volume fraction of SiC in alumina. The values from the
plot which was derived analytically shows the increase in the electrical conductivity of
the composite as the volume fraction of SiC fillers increases in the alumina matrix. Even
as the electrical conductivity of the material increases, the resulting composite would still
remain an electrical insulating material. The plot is justifiable as SiC has less electrical
resisting capability than alumina.
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Figure 3.11 Effective electrical conductivity of alumina composite against silicon
carbide filler volume

Figure 3.12 show the density variation of the alumina composite as the volume fraction
of filler increases. The values from the plot were also derived using the rule of mixtures.

44

It could be seen from the plot that the density of the composite decreases as the volume
fraction of the filler increases, and this could simply be associated with the fact that SiC
is lower density value as compared to alumina.
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Figure 3.12 Density of alumina composite against silicon carbide filler volume

From figures 3.8 to 3.12 all properties seemed to be in the range of our stipulated target
properties, but it's still necessary we fix a benchmark to the SiC filler volume fraction.
20% SiC filler volume fraction in alumina matrix was fixed as the maximum benchmark;
it’s not advisable to go beyond 20% as other properties attributed with alumina might be
lost. A minimum benchmark was fixed at 5% SiC filler volume fraction because at that
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volume fraction one could observe a tangible improvement in the thermal conductivity
and CTE properties of alumina composite.
The effective thermal conductivity value of particulate composites is a direct function of
the filler particle size. Below a certain filler particle size, thermal conductivity value
would only decrease upon an increase in the filler volume fraction. Above this critical
size, effective thermal conductivity of the composite will increase with increase in filler
volume fraction which is clearly shown in figure 3.13. Below the critical filler particle
size, the surface area of the filler particle is too small to overcome the interfacial thermal
resistant value between matrix and filler.

5 vol%

20 vol%

34

Thermal Conductivity (W/m2-K)

32
30
28
26
24
22
20
18
16
0

1

2

3

4

5

6

7

Particle Size (µm)

Figure 3.13 Effective thermal conductivity of alumina composite against silicon carbide
filler particle sizes
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Figure 3.13 shows the variation of the effective thermal conductivity value of the alumina
composite with SiC filler particle sizes for the two limiting volume fractions that were
decided from figures 3.8 to 3.12. From figure 3.13, the minimum particle size which
could enhance the thermal conductivity value of alumina is around 0.75µm. Below
0.75µm, thermal conductivity would only decrease and not increase. An average particle
size of 7µm could be selected because at this value the effective thermal conductivity
value of the resulting alumina composite would not improve significantly.

3. Diamond Filler
Figure 3.14 was generated using the effective thermal conductivity model discussed
earlier. If a large enough particle size is used, it can be seen that the effective thermal
conductivity value of an alumina/diamond composite will increase as the volume fraction
of diamond in alumina increases. This is due to the fact that diamond has a higher
thermal conductivity value than alumina and the surface area of the particles is large
enough to overcome the thermal interfacial resistance value between the two materials.
Figure 3.15 shows the variation of the numerically derived effective CTE values of the
alumina/diamond composite as it varies with volume fraction of diamond fillers. If the
composite were to be developed, the property value is expected to behave as shown in the
figure because the filler material has a lower CTE than the matrix material, and the
combination of the two materials would result in a CTE mismatch and thereby reducing
the overall CTE value of the composite.
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Figure 3.14 Effective thermal conductivity of alumina composite against diamond filler
volume
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Figure 3.15 Effective coefficient of thermal expansion of alumina composite against
diamond filler volume
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The behavior of figure 3.16 which shows the variation of the effective modulus of
elasticity of the composite with filler volume fraction is similar to the behavior the
effective thermal conductivity as shown in figure 3.14. The increase is expected because
diamond has a much higher modulus of elasticity value than alumina.
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Figure 3.16 Effective modulus of elasticity of alumina composite against diamond filler
volume

Figure 3.17 is a plot of the effective electrical conductivity of the alumina/diamond
composite as it varies with the volume fraction of diamond in alumina. The values from
the plot which was also derived analytically shows a reduction in the electrical
conductivity of the composite as the volume fraction of diamond increases inside the
matrix. The plot is justifiable because diamond is a more electrical resistive material than
alumina.
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Figure 3.17 Effective electrical conductivity of alumina composites against diamond
filler volume

Figure 3.18 which show the density variation of the alumina composite as the volume
fraction of filler increases. The values from the plot were derived using the rule of
mixtures. It could be seen from the plot that the density of the composite decreased as the
volume fraction of the filler increases, which could simply be associated with the fact that
diamond has a lower density value than alumina.
From figure 3.16 it could be seen that the modulus of elasticity of alumina increases with
increase in the volume fraction of diamond, but just at 10% volume fraction of diamond,
the modulus of elasticity value of alumina was already at the limit of our target proposed
property which is 400GPa. Also, at 10% volume fraction, we noticed a tangible
improvement in our desired alumina properties and these gives a minimum benchmark
for alumina property improvement. Beyond 10% all desired properties improved and
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were within the target property range except the modulus of elasticity value which was
out of range. A maximum benchmark was fixed at 15% volume fraction; at this filler
volume fraction, all properties were within range except again modulus of elasticity
which was a little bit of range at a value of 420GPa.

4

Density (g/cm3)

3.95

3.9

3.85

3.8

3.75

3.7
0

5

10

15
20
25
Filler volume fraction (%)

30

35

Figure 3.18 Density of alumina composites against diamond filler volume

The effective thermal conductivity value of particulate composites is a direct function of
the filler particle size. Below a certain filler particle size, thermal conductivity value
would only decrease upon an increase in the filler volume fraction. Above this critical
size, effective thermal conductivity of the composite will increase with increase in filler
volume fraction which is clearly shown in figure 3.19. Below the critical filler particle
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size, the surface area of the filler particle is too small to overcome the interfacial thermal
resistant value between matrix and filler.
Figure 3.19 shows the variation of the effective thermal conductivity value of the alumina
composite with diamond filler particle sizes for the two limiting volume fractions that
were decided from figures 3.14 to 3.18. From figure 3.19, the minimum particle size
which could enhance the thermal conductivity value of alumina is around 10µm. Below
the 10µm particle size, thermal conductivity would only decrease and not increase. An
average particle size of 80µm could be selected because at this value the effective
thermal conductivity value of the resulting alumina composite would not improve
significantly.
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Figure 3.19 Effective thermal conductivity of alumina composites against diamond filler
particle sizes
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The large diamond particle size is simply because alumina and diamond have a very large
thermal interfacial resistance value between them as compared to alumina and the other
two previously discussed filler materials (Chromium and Silicon carbide).

3.1.4 Summary of Selections
Tables 3.6 and 3.7 shows the summary of predicted properties values of an alumina
composite with the three selected fillers which could improve the desirable properties of
alumina. The two tables also show the suitable filler particle size and the range of filler
volume fractions applicable for the application in DBC substrate. It was shown earlier
that with these filler particle sizes and filler volume fractions, desirable properties of
alumina like thermal conductivity and coefficient of thermal conductivity could be
improved while retaining its core attributes like cost, positive environment impact and its
ability to bond with copper. Table 3.6 shows the predicted property values of alumina
when any the three fillers are added as reinforcement at selected volume fractions
respectively while table 3.7 shows a comparison ratio of the predicted properties of the
alumina composites with the properties of pure alumina.
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Table 3.6 Predicted properties of an alumina composite with suitable recommended fillers and filler attributes
Proposed Filler

Volume

Material

Fraction
(%)

Particle Size

Max

@ Min
Particle
size

Chromium

Silicon Carbide

Diamond

Effect on CTE

Conductivity (W/m2K)

(µm)
Min

Effect on Thermal

(µm/m-°C)

Effect on

Effect on Electrical

Effect on

Modulus of

Conductivity

Density

Elasticity

(mho/cm)

(g/cm3)

@ Max
(GPa)

Particle
size

5

0.5

5

24.703

25.325

7.95

362.766

1.17E-14

4.122

15

0.5

5

26.152

28.126

7.92

348.713

1.66E-14

4.445

5

0.75

7

24.766

25.907

7.83

372.045

1.17E-14

3.917

20

0.75

7

27.165

32.288

7.32

378.16

2.07E-14

3.788

10

10

80

26.629

30.495

6.90

404.064

8.37E-15

3.915

15

10

80

28.017

34.203

6.38

422.293

7.43E-15

3.893
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Table 3.7 Comparison of the predicted properties of an alumina composite with the properties of pure alumina
Proposed Filler Volume
Material

Fraction
(%)

�

Particle Size
(µm)
Min

Max

@ Min
Particle
size

Chromium

@

�

/�

�

/�

/

�

Max

Particle
size

5

0.5

5

1.03

1.06

0.99

0.98

1.17

1.05

15

0.5

5

1.09

1,17

0.99

0.94

1.66

1.13

0.75

7

1.03

1.08

0.97

1.00

1.17

0.99

20

0.75

7

1.13

1.35

0.92

1.02

2.07

0.97

10

10

80

1.11

1.27

0.86

1.09

0.84

0.99

15

10

80

1.17

1.43

0.80

1.14

0.74

0.99

Silicon Carbide 5

Diamond

/�
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/�

3.2

Chapter Summary

This chapter has provided:


An approach to design material for certain applications



The descriptions of numerical models used in estimating the effective properties of a
particulate composite



The results from the numerical models used in estimating the effective properties of a
particulate filled composite

The next chapter would present the experimental route in developing the composite
samples. Also the test procedures and results related the physical, mechanical and thermal
properties of the developed material.
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4 CHAPTER 4

MATERIAL DEVELOPMENT, TESTING AND

CHARACTERIZATION
This chapter presents the experimental route in developing an alumina composite. It also
presents measured property and tests results of the developed alumina composites
reinforced with 20% volume fraction of silicon carbide filler from two different sources.
The relative effects of the silicon carbide fillers in alumina have been discussed and
compared with pure alumina. In addition, this chapter also presents scanning electron
micrographs and XRD patterns which show some microstructural features and crystalline
peaks of the materials under study.

4.1

Material Development

This section describes the method used in the processing and characterization of the
composites under study. It also presents the details of the details of the test related to the
physical, mechanical, microstructural and thermal characterization of the prepared
particulate ceramic composites. For the composite development, silicon carbide fillers
was selected based on its relative cost to alumina and it availability.
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4.1.1 Composite Fabrication
The starting materials for the composite were alumina powder (matrix) and silicon
carbide powder (fillers) with the silicon carbide sourced from two different supplies. The
alpha alumina powder was supplied by Buehler while the silicon carbide powders were
supplied by Buehler (Type I) and Alfa Aesar (Type II). Their average particle sizes are of
0.3 µm, 31 µm and 46µm respectively as summarized in table 4.1 below.
Figure 4.1 shows a schematic which summaries the flow of the material development
route.

Table 4.1 Alumina composite filled with 20% silicon carbide
Matrix

Filler Type

Filler

Average

Particle Size (µm)
Alumina

Silicon Carbide

(0.3µm)

NA
31
46

The filler volume fraction of silicon carbide was selected at 20%. The filler was
effectively dispersed into the alumina matrix via a mechanical planetary ball milling
machine (as seen in figure 4.2) operating at a low speed of 150rpm for 1hr 30min. The
ball miller was operated without the milling balls with the intentions of just mixing the
two powders together and not crushing or reducing the size of the powder particles.
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Matrix
Alumina

Powder Consolidation
Spark Plasma Sintering
(SPS) at 1400°C, 10min
holding time and load of
50KN

Fillers
Type
I
silicon
carbide, 31µm
Type
II
silicon
carbide, 46µm

Powder Dispersion
Ball milling without balls
at 150rpm for 1hr 30min








Characterization
Physical
Mechanical
Thermal

Developed Samples
Pure Alumina
Alumina + 20% Type I
silicon carbide, 31µm
Alumina + 20% Type
II silicon carbide,
46µm

Figure 4.1 Schematic showing the flow of the experimental material development

Figure 4.2 Planetary ball milling machine, Pulverisette 5 from Fritsch
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The powder mixture was later wrapped in a graphite sheet and placed tightly inside a
30mm cylindrical graphite die. The die was placed inside the chamber of an automatic
Spark Plasma Sintering (SPS) equipment from FCT, Germany (as seen in figure 4.3). The
sintering temperature was set to 1400°C, heat rate of 100°C/min, a holding time of 10min
and a pressure of 50MPa.

Figure 4.3 Spark Plasma Sintering (SPS) equipment from FCT, Germany

While the powder mixture charged into the graphite die is placed inside the chamber of
the SPS, current is passed, heating is performed and a mechanical axial load is applied at
the same time. The graphite dies were used to prepare cylindrically shaped samples while
the graphite sheets are meant to minimize friction between the die walls and the powder
mixture, and also for easy ejection of samples after sintering. The sintering temperature
was measured and monitored using a pyrometer placed at the bottom of a central hole in
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the upper punch. The pulse duration and pause time, as well as the heating rate, were
fixed throughout all phases of the experiment.

4.1.2 Physical and Mechanical Characterization
A. Density and Porosity
The density of the composite depends greatly on the relative proportion of the matrix and
filler materials; it is one of the important factors for the determination of some other
properties of the composite. The theoretical density (� ℎ ) of the composite in terms of the
density and volume fraction of the matrix and filler constituent materials can easily be
determined by using the rule of mixtures as shown in Eq. (4.1).
�ℎ = � ∗�

+ (� ∗ � )

(4.1)

Where
� +� =

(4.2)

Also, where ρ and v represent density and volume fraction respectively, and where the
scripts m and f signifies matrix and filler materials respectively. The formula above is
only applicable to composites with single fillers and not composites with multiple fillers.
The actual or measured density (� ) of the composite can be determined experimentally
by applying the Archimedes principle or water displacement method (ASTM D792-91).
This method takes into consideration the weight of the composite samples in air and in
water.
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Percentage porosity (%�) or the volume fraction of voids (�� ) of the composite is
calculated by using either of the following Eq. (4.3) and (4.4).
%� =

ℎ− �
ℎ

�� = � ℎ − �

∗

(4.3)
/� ℎ

(4.4)

B. Scanning Electron Microscopy
The microstructural analysis and features of the particulate composites were examined by
a scanning electron microscope. The specimens were mounted onto a sample mounting
polymer where the surface of the specimen was well polished with no scratches. In order
to improve electron penetration and better micrographs, the specimens were coated with a
thin film of gold which was achieved by a vacuum evaporation process. The scanning
electronic microscope is as seen in figure 4.4.

C. X -ray Diffractometer
The XRD analysis of the resulting composites at the cross-section of the samples was
carried out on the samples using a Rigaku desktop x-ray diffractometer model “Miniflex
II” (as seen in figure 4.5) with copper radiation having wavelength of 1.5418A.
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Figure 4.4 Scanning Electron Microscope

Figure 4.5 Rigaku - Miniflex II Desktop X-ray diffractometer
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D. Micro-Hardness and Modulus of Elasticity
The micro-hardness and modulus of elasticity of the sample materials were measured
simultaneously using a CSM instruments Micro Combi Tester as seen in figure 4.6.
A diamond indenter in the form of a pyramid normal to the sample surface is driven
down into the sample by applying an increasing load to a preset value, after which the
load is then gradually decreased until partial or complete relaxation of the material
occurs. The indentation hardness is then defined as the mean contact pressure of the
indenter on the sample given by Eq. (4.5).

�

Where

�

is the indentation hardness,

=

����
�

(4.5)

is the maximum load applied on the surface

of the sample, and � is the projected contact area at that load.

Figure 4.6 Micro Combi Tester from CSM Instruments
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The modulus of elasticity of the material or indentation modulus is usually calculated
automatically by the equipment using Eq. (4.6). It uses the slope of the tangent of the
unloading curve either by using a linear fit to the initial loading data or a power law fit.
�� =

�

−�

�
− �

(4.6)

��

The indentation modulus of the material is given by �� . � is the poison’s ratio of the
sample. � and � are the elastic modulus (1141GPa) and poison’s ratio (0.07) of the

diamond indenter respectively, and � the reduced modulus which can be calculated
using data from the indentation using Eq. (4.7).
� =

√ ∙
∙ ∙√�� ℎ

Where S is the stiffness or the slope of the unloading curve is,

(4.7)

is the compliance

constant, ℎ is the contact depth and � is the project area contact.

4.1.3 Thermal and Electrical Characterization
A. Thermal Conductivity
The C-Therm TCI Thermal Conductivity Analyzer as seen in figure 4.7 can be used to
measure the thermal conductivity of various types of materials which include but not
limited to polymers, glasses, rubber, ceramics and metals. This material could exist as
either solid, powder or liquid states. In this present work, the instrument was used to
analyze and measure the thermal conductivity of our resulting composites at room
temperature.
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The equipment operates based on the Modified Transient Plane Source (MTPS)
technique which uses a one-sided interfacial heat reflectance sensor that applies a
momentary constant heat source to samples, and thus the thermal conductivity and
effusivity of the sample are measured directly.
In its operation, a known current is applied to the sensor’s spiral heating element which
results in the rise of the interfacial temperature between the sensor and the sample. This
raise in temperature induces a change in the voltage drop of the sensor’s element, and the
rate increase in the sensor voltage is used to determine the thermos-physical properties of
the sample. Thermos-physical properties are usually proportional to the rate of increase in
the sensor’s voltage.

Figure 4.7 C-Therm TCI Thermal Conductivity Analyzer
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B. Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) of a material can be described as the strain
induced in the material per unit rise in temperature. In this present work, the CTE of the
resulting composites were measured using a METTLE TOLEDO Thermal mechanical
analyzer (TMA/SDTA 1 LF/1100) as seen in figure 4.8. A thermal mechanical analyzer
(TMA) is used to measure the dimensional changes of a material as a function of
temperature. TMA can be used to evaluate the coefficient of thermal expansion of the
material as well as softening, crystallization and solid-solid transitions.

Figure 4.8 METTLE TOLEDO, Thermal mechanical analyzer TMA/SDTA 1 LF/1100
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4.2

Results and Discussion; Physical and Mechanical Characteristics

4.2.1 Density and Porosity
The density of a composite depends on the relative proportion of the matrix and filler
materials and the amount of porosity in the composite. The volume fraction, theoretical
density, measured densities and porosity in the sintered pure alumina and alumina
composite samples are presented in table 4.2 below. It can be seen that the theoretically
calculated density values of the composites are not equal but very close to the
experimentally measured values. This shows that good densification was achieved during
the sintering process and the porosity fraction is less than 1% for all sintered samples.

Table 4.2 Measure and theoretical densities of the developed materials
Matrix

Alumina

Filler Type

Filler

Measured

Theoretical

Porosity (%)

Volume

Density

Density

Fraction (%)

(g/cm3)

(g/cm3)

Silicon

0

3.979

3.990

0.284

Carbide

20

(31µm, 3.814

3.834

0.519

3.834

0.465

Type I)
20

(46µm 3.816

Type II)
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4.2.2 Micro-Structural Characterization
It is a known fact that the properties of composites are strongly dependent on the
interaction of the matrix and filler materials. To evaluate the interaction between the
matrix and filler materials, the microstructure of the composite as well as the dispersion
of the fillers within the matrix of the sintered composite samples were observed under a
scanning electron microscope (SEM).
Figure 4.9 shows the scanning electron microscopy images of pure alumina sample taken
along the cross-section of the sample. Due to the SPS sintering parameters and the
particle size of the alumina powder, the individual grains were not visible in the
micrographs of the sample. The images also reconfirm the low porosity fraction as no
pores are visible across the surface of the sample.

(b)

(a)

Figure 4.9 SEM images of pure sintered 0.3µm alumina at different magnifications
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Figures 4.10 and 4.11 show the SEM images of the two composite materials. As seen in
figure 4.9, alumina appeared blackish in color which means the blackish parts of figures
4.10 and 4.11 is alumina while the whitish gray parts are silicon carbide. An area
proportionality of the image with different color codes shows that the SiC fraction is
about 20% which is the volume fraction of alumina used.
To further confirm the presence of silicon carbide and alumina in the developed
materials, an energy-dispersive X-ray spectroscopy (EDX) analysis was carried out. The
results further confirmed the presence of the constitutive elements that makes up the
matrix and filler materials. Figure 4.12 and 4.13 shows the results from the EDX analysis.

(a)

(b)

Figure 4.10 SEM images of alumina composite with 20% silicon carbide (Type I) at
different locations
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(a)

(b)

Figure 4.11 SEM images of alumina composite with 20% silicon carbide (Type II) at
different magnifications

(a)

(b)

(c)

Element

Weight%

Atomic%

CK
OK
Al K
Si K

12.74
41.77
27.77
17.71

19.90
48.97
19.30
11.83

Totals

100.00

Figure 4.12 EDX analysis for alumina composite with 20% silicon carbide (Type I)
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(a)

(b)

(c)

Element

Weight%

Atomic%

CK
OK
Al K
Si K

12.88
41.31
29.34
16.48

20.12
48.46
20.41
11.01

Totals

100.00

Figure 4.13 EDX analysis for alumina composite with 20% silicon carbide (Type II)

4.2.3 XRD Patterns
The XRD patterns in figures 4.14, 4.15 and 4.16 shows the peaks of the developed pure
alumna and the alumina/silicon carbide composite samples. The XRD patterns of all
developed samples when matched with the XRD patterns available in the database. The
obtained lattice spacing (d-spacing) and diffraction angle (2θ) values were also compared
with the standard values for Al2O3, SiC and any other possible phases between Al2O3 and
SiC in the database. However, the only phases identified were Al2O3 and SiC. This
further confirms the presence of the constituent materials used in developing the
composites. It also shows that Al2O3 and SiC have not chemically reacted with each
other.
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Figure 4.14 XRD pattern of pure sintered alumina
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Figure 4.15 XRD pattern of alumina composite with 20% silicon carbide (Type I)
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Figure 4.16 XRD pattern of alumina composite with 20% silicon carbide (Type II)

4.2.4 Micro Hardness and Modulus of Elasticity
Hardness is usually considered as one of the most importance characteristic features of a
composite as it indicates the ability of a material to resist localized deformation when a
known load is applied. In this present work, the microhardness of the developed samples
was measured using a load of 500 and 2000gf. The microhardness test was conducted
multiple times at multiple locations along the cross-sectional area at the middle interface
of the sample and the mean and standard deviation values were calculated and recorded.
The test results are presented in table 4.3 below. The results show that the hardness of the
two developed composites reduced as compared to the pure sintered alumina sample.
This could be attributed with poor interfacial bonding between the matrix and filler
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material as seen in the SEM images of figures 4.10 and 4.11. Surface openings could be
seen at the interface between the matrix and filler material.

Table 4.3 Micro - Hardness values of developed materials
Matrix

Filler

Filler

Location

Type

Volume

Within

Fraction

Sample

Vickers Micro – Hardness
500gf
Average

(%)
Alumina

0

Carbide

20 (31µm, Interface

Matrix

Filler

20 (46µm Interface
Type II)

Standard

Average

Deviation

Silicon

Type I)

2000gf

Filler

Standard
Deviation

1457.26

339.32

1536.22

200.93

1003.76

190.50

1019.69

187.02

1836.66

41.52

1895.21

41.28

917.80

87.26

859.86

87.79

2203.33

394.47

2249.75

460.11

The modulus of elasticity values of the sintered samples were also obtained via microindentation experiment. The results are presented in table 4.4 and figure 4.17. The results
show that the modulus of elasticity of the two sintered composites reduced as compared
to the pure sintered alumina. This could also be attributed with the poor interfacial bond
between the matrix and filler material. Still this method is not all satisfactory in
determining the modulus of elasticity of composite samples, its more suitable for bulk
samples. Observing and comparing the SEM images in figure 4.9 to 4.11 of the
developed samples, the images kind of explains the drop in the two property values as
more surface openings or porosity between the matrix and filler particles could be seen.
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These surface openings might be associated with because the fact that alumina has a
lower sintering temperature than silicon carbide.

Table 4.4 Experimentally measured and estimated effective modulus of elasticity values
of developed materials
Matrix

Filler Type

Filler

Effective

Volume

Elasticity (MPa)

Fraction (%) Experiment
Alumina

Silicon

0

Carbide

20

Modulus

Estimated

/�

Experiment Estimated
1

265.85
(31µm, 172.59

�

of

238.12

0.64

0.89

238.12

0.65

0.89

Type I)
20

(46µm 172.79

Type II)

Table 4.4 and figure 4.17 also presents the numerically estimated effective modulus of
elasticity values of the samples. The effective modulus of elasticity value derived from
the pure sintered alumina sample was used to re-calculate and re-estimate the effective
modulus of elasticity values of the developed composites numerically. The discrepancy
between the experimental and numerical values could be attributed to the powder
consolidation technique used in developing the composite samples and some certain
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assumptions that were made in order to simplify the numerical analysis. Some of the
factors and assumptions include;


Uneven sintering temperature of alumina and silicon carbide which the numerical
model does not take into consideration.



Assumed perfect spherical shape of the filler material.



Assumed perfect filler distribution within the matrix.

Experimental
Estimated

1.2
1

�_ ��/�_���

0.8
0.6
0.4
0.2

0
Pure Sintered Alumina

20% Aluimna Silicon carbide 20% Aluimna Silicon carbide
(Type I)
(Type II)

Material Type and Filler Composition

Figure 4.17 Comparison of the effective modulus of elasticity values of the developed
materials

The optical images shown in figures 4.17 to 4.19 were obtained from the micro-hardness
tester’s optical microscope; it shows the optical images of the samples before and after an
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indentation for the three developed samples. Alumina could be seen to appear in a
gray/black color under the microscope, and silicon carbide appearing whitish with an
even distribution within the alumina matrix.

(a)

(b)

Figure 4.18 Optical images of pure sintered alumina before and after the indentation
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(a)

(b)

Figure 4.19 Optical images of alumina composite with 20% silicon carbide (Type I)
before and after the indentation
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(a)

(b)

Figure 4.20 Optical images of alumina composite with 20% silicon carbide (Type II)
before and after the indentation
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4.3

Results and Discussion; Thermal Characteristics

4.3.1 Effective Thermal Conductivity
The effective thermal conductivity values of the developed materials were evaluated
theoretically and experimentally. Although the theoretical thermal effective values of the
composites were evaluated in the previously chapter, the values were re-evaluated here as
the thermal conductivity value of 24W/m2-K for the pure matrix material (as obtained
from literature) used in the previous chapter was very different from the one measured
experimentally.
The CTI thermal conductivity analyzer was used to measure the thermal conductivity
values of the developed samples (sintered pure alumina and alumina composite samples).
The figure 4.20 and table 4.5 below presents the results of the experimental
measurements and numerically estimated effective thermal conductivity values. As
mentioned earlier, the experimentally measured thermal conductivity value of pure
sintered alumina sample was used to re-calculate and estimate the effective thermal
conductivities of the sintered composites numerically.
The discrepancy between the experimental and numerical effective thermal conductivity
values could be attributed to certain assumptions that were made in order to simplify the
numerical analysis, some of the assumptions made include;


Perfect spherical shape of the filler material,



Perfect particle sizes distribution of the filler material,



Perfect filler distribution within the matrix
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In addition, the thermal interface resistance between the matrix and the filler inclusion
was taken from literature. The interface resistance is highly dependent on the interfacial
characteristics and can vary greatly for same material from different sources and with
process parameters.
It can be seen that the numerically calculated effective thermal conductivity values of the
developed composites are in fairly good agreement with the experimentally measured
effective thermal conductivity values. This validates the accuracy of the numerical model
used in the current work. The numerical model only slightly overestimates the effective
thermal conductivity values of composites, but it still gives a good estimate of the values.

Experimental
Estimated
1.4
1.2

�_ �� / �_���

1
0.8
0.6
0.4
0.2
0
Pure Sintered Alumina

20% Aluimna Silicon carbide 20% Aluimna Silicon carbide
(Type I)
(Type II)

Material Type and Filler Composition

Figure 4.21 Comparison of the effective thermal conductivity values of the developed
materials

82

Table 4.5 Experimentally measured and estimated effective thermal conductivity values
of developed materials
Matrix

Filler Type

Filler

Effective

Volume

Conductivity (W/m2 K)

Fraction (%) Experiment
Alumina

Silicon

0

Carbide

20

Estimated

/�

Experiment Estimated
1

33.03
(31µm, 38.31

�

Thermal

42.53

1.12

1.28

42.67

1.16

1.29

Type I)
20

(46µm 37.03

Type II)

4.3.2 Effective Coefficient of Thermal Expansion (CTE)
The Mettle Toledo thermal mechanical analyzer (TMA) was used to evaluate the
effective coefficient of thermal expansion values of the developed samples (sintered pure
alumina and alumina composite samples).
Figure 4.21 and table 4.6 present the results of the CTE experimental measurements
along with the numerically estimated CTE values. The effective coefficient of thermal
expansion value derived from the pure sintered alumina sample was also used to reestimate the effective coefficient of thermal expansion values of the developed
composites numerically.
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Experimental
Estimated
1.2
1
�_ ��/�_���

0.8
0.6
0.4
0.2

0
Pure Sintered Alumina

20% Aluimna Silicon carbide 20% Aluimna Silicon carbide
(Type I)
(Type II)

Material Type and Filler Composition

Figure 4.22 Comparison of the effective coefficient of thermal conductivity values of the
developed materials

Table 4.6 Experimentally measured and estimated effective coefficient of thermal
conductivity values of the developed materials
Matrix

Filler Type

Filler

Effective

Coefficient

Volume

Thermal Expansion

�

of

/�

Fraction (%) (µm/m-°C)
Experiment
Alumina

Silicon

0

Carbide

20

Estimated

1

5.58
(31µm, 4.70

Experiment Estimated

5.48

0.84

0.98

5.48

0.83

0.98

Type I)
20

(46µm 4.65

Type II)
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4.4

Chapter Summary

This chapter has provided:


The descriptions of matrix and filler material used in developing the material



The details of the composite development



The details of the experimental physical, mechanical and thermal property
measurements



The results from physical, mechanical and thermal test carried out on the developed
samples



A means of validating the numerical models used in estimating the effective
properties of the composite

The next chapter would present the description of the thermal-structural and fatigue life
performance evaluation of the direct bonded copper substrate using finite element
method. The chapter would also present the results obtained from the analysis when the
newly proposed ceramic is substituted into the substrate.
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5 CHAPTER 5

PERFORMANCE EVALUATION OF A DIRECT

BONDED COPPER SUBSTRATE

5.1

Introduction

In this chapter the performance evaluation of the direct bonded copper substrate with a
newly proposed ceramic material for the DBC ceramic has been analyzed. The newly
proposed ceramic material, an alumina composite, is to replace alumina as the DBC
ceramic. The new ceramic has higher thermal conductivity and lower CTE values as
compared to alumina, but it retains the adhesion strength, environmental and economic
benefits of alumina.
The performance evaluation of the substrate comprises of two studies, a thermalstructural analysis and a fatigue-life cycle prediction study. These studies were evaluated
using finite element analysis (FEA) as the two analyses were idealized as a3-dimensional
(3D) steady-state thermal-structural and time-dependent fatigue life-cycle finite element
model (FEM). The first study is a steady-state thermal stress analysis, which simulates
the flow of heat generated by silicon semiconductors (die) across the substrate. This flow
of heat results in increased temperature and high stress gradients. The second study is a
fatigue analysis and life-prediction model which simulates the standard thermal cycling
test for power electronic substrates at extreme test conditions
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5.2

Mathematical Models

The mathematical models used in the steady-state thermal-structural performance
analysis and the time dependent fatigue life prediction analysis are presented next.
For the thermal analysis, the general energy equation governs the evolution of
temperature field as shown in equation (5.1):
� �. ∇� = ∇. k∇� + Q

(5.1)

Where ρ is the density, Cp is the heat capacity, and k is the thermal conductivity of the
materials involved. ∇T and Q are the temperature gradient and heat source, respectively.

Thermal insulation is presented by an equation that restricts the movement of heat in any
desired direction as shown in equation (5.2):
−�. −k∇� =

(5.2)

Where n is a unit vector that is normal to the boundary.. At the sides of the substrate
material, convective heat transfer occur due to the presence or circulation of cooling air.
The convective heat flux is defined by:
−�. −k∇� = h .

�

−

(5.3)

Where hc and Tc are the convective heat transfer coefficient and temperature of the
surrounding air, respectively, and T is the initial temperature at any point within the
surface of the boundary.
For the steady-state structural analysis, the stress-strain constitutive behavior is given by:
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−∇. σ = �v

(5.4)

σ−σ = : �−� −�

ℎ

−�

(5.5)

Where σ is the Cauchy stress, Fv is the body load, ϵ is the total strain value, ϵTh is the
thermal strain, ϵPl is the effective plastic strain, ∇u is the displacement gradients, σys is the

material yield stress, c is the elastic stiffness matrix, and α is the CTE. The mathematical
expressions for the strains are given by:
� = [ ∇�
�
�

ℎ

+ ∇�]

=�

�

= � �σ ,

̇

(5.6)

−
σ, σ

(5.7)

≤

(5.8)

For the time-dependent structural analysis, the stress-strain constitutive behavior
becomes:
� �

� � − ∇. σ = �v

(5.9)

σ = J − ���

(5.10)

Where S is the second Piola-Kirchhoff stress, and:
�=

+ ∇�

(5.11)

J = det �

� − �� = : � − � − �
88

(5.12)
ℎ

−�

(5.13)

� = [ ∇�

+ ∇� + ∇� ∇�]

(5.14)

To eliminate the possibility for rigid-body motion, the bottom of the substrate material is
fixed in all directions. Thus a roller-support boundary condition is applied on such
boundary as described in equation (5.15) below:
�. � =

(5.15)

The summary of the equations is given by the following:
[�

ℎ

] = [� ][�]

[�] = [� ][ ] − [�

(5.16)
ℎ� ]

(5.18)

Where [fThL] is the thermal load which could be a heat source, heat flux, heat conduction,
or heat convection. [K1] is a matrix, which is a function of the thermal conductivity of the
material and body dimensions, and [t] is the temperature distribution, which are
unknown. [fThF] can be referred to as the thermal force and it is a function of the
temperature distribution [t], CTE, and the modulus of elasticity of the material. Where [ f
] is the applied nodal forces which is always zero if there are no external forces acting on
the body apart from the thermal load, [K2] is a matrix which is a function of the modulus
of elasticity of the material and the dimension of the model, and [d] is the nodal
displacement which is the unknown.

89

5.3

Thermal-Structural Analysis

The thermal and structural analysis of the substrate was evaluated using FEA. The DBC
plays an important role in the product design of power electronics. It provides an
interconnection pathway for semiconductor components, which ensures optimum
electrical conductivity across the top surface of the substrate. It also enables the quick
dissipation of unwanted heat generated by the semiconductor components to the
environment. Moreover, it enables and ensures perfect electrical insulation between the
semiconductors and the environment. Therefore, it is important to understand the
temperature distribution as well as the localized stress distribution across the substrate.

5.3.1 Finite Element Modeling
The mathematical models, as defined previously for the thermal-structural steady state
condition, was implemented in COMSOL multiphysics. The geometrical model for the
DBC substrate comprises of five parts; two copper layers, a ceramic layer in between the
two copper layers, the silicon die, and the solder as shown in figure 5.1(a). The copper
and ceramic three layer part are made of a 24 mm x 24 mm square tile with uniform
thicknesses of 0.3mm and 0.63mm, respectively [12]. The silicon die is also a 12 mm x
12 mm x 0.25mm tile where a solder of 12 mm x 12 mm x 0.05mm is used ideally is to
attach the die to the substrate [88].

90

(a)
(b)
Figure 5.1 Geometrical models of the DBC substrate for (a) thermal-structural and (b)
fatigue life analysis respectively

The material properties used for the ceramic were material property values determined
experimentally. Two types of ceramics were used, pure alumina and a composite of
alumina with 20% silicon carbide fillers. Oxygen-free high thermal conductivity (OFHC)
copper was the copper type used in the analysis. The material properties of the OFHC
copper, silicon die and solder were obtained from an online material property database
[33] as shown in table 5.1 below.
With the silicon die in place, heat source of 4167.7 W/cm3 [88], which simulates the heat
generated by power electronic components, was applied as a volumetric heat source to
the entire geometry of the silicon die as shown in figure 5.2(a). To simulate the real heat
transfer conditions, free natural convective heat transfer was applied to the top and side
surface areas of the model, excluding the area where the heat flux was applied. The
convective heat transfer coefficient of air (hc) is given as 10W/m2-K at 300K [89]. The
bottom surface was fixed at a temperature of 300K in order to simulate a heat discharge
to the environment or an existing heat sink. Roller boundary conditions were applied to
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the bottom of the model, and symmetry conditions were used to model one quarter of the
model as shown in figure 5.2 below.

Table 5.1 Material properties of DBC substrate at room temperature [33]
Material

Young’s

Poisson

Yield Stress

Thermal

Modulus

Ratio

(MPa)

Conductivity

CTE
(µm/m-°C)

2

(GPa)

(W/m -K)

Copper

110

0.35

210

400

17

Alumina (Current)

300

0.22

-

33.03

5.48

Alumina Composite 200

0.22

-

38.31

4.7

(Proposed)
Silicon Die

170

0.28

-

130

2.6

Solder

10

0.4

-

50

21
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(a)

q

h, Tꝏ

(b)

Symmetry

T
(c)

(d)

Figure 5.2 Schematic views of the DBC’s geometrical model FE loading and mesh

Meshing using tetrahedral shaped elements was initially performed on the FE model with
6564 elements, and then increased to 42611 after the mesh sensitivity analysis. The mesh
was refined at certain critical regions where the maximum von Mises stresses were
generated. The mesh convergence test was performed based on the von Mises stress
distribution and the nodal displacement of the FE model. The von Mises stress
distribution and nodal displacements became constant when the numbers of elements
within the model reach 42611 and 21891 respectively. The von Mises stress and nodal
displacement values further remained constant when the number of elements within the
model was further increased to 168739. Figures 5.2(d) shows the final elemental meshed
and figure 5.3 shows the mesh convergence plot. Thus, the mesh with 42611 elements is
considered to be computationally effective for the thermal-structural analysis presented in
the present study.
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Mesh Convergence Plot
Von mises stress
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Figure 5.3 Mesh Convergence

5.3.2 Results and Discussion
Results were obtained when the heat source was generated within the silicon die
positioned at the top of the substrate. The highest surface temperature was within the
silicon die and its region as seen in figure 5.4(a). The temperature difference of 20°C
between the highest and lowest temperature range in this model is comparable to 8°C
obtained with an aluminum nitride DBC ceramic [88]. The heat flux distribution in figure
5.4(b) shows that most of the heat flux generated is transferred immediately to the bottom
of the substrate and just a small quantity of the flux remains at the surface of the
substrate. More displacement where seen at the edges than at the center of the substrate
(as seen in figure 5.4(c)), but the localized von Mises stresses were generated within the
top copper layer directly beneath the silicon die as seen in figure 5.4(d).
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(a)

(b)

(c)

(d)

Figure 5.4 Finite element results showing (a) Temperature distribution (K), (b) Heat flux
distribution (W/m2) , (c) Total displacement (m), and (d) Von Mises stress distribution
(MPa) of the DBC substrate with alumina composite as DBC ceramic

The stress, strain and temperature variation across the thick of the substrate is to be
observed at three locations taken from the center of the substrate as illustrated in figure
5.5(a).

(a)

(b)

C_copper
(12, 12, 1.23)

B_copper (12, 12, 0.96)
A_ceramic (12, 12, 0.3)
(6, 0)
(0, 0)

B_ceramic (12, 12, 0.96)

A_copper (12, 12, 0.3)

(3, 0)

Figure 5.5 Geometrical model of the FE model showing the locations where so plots
were taken across the substrate
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The plots in figures 5.6 to 5.8 taken at three different locations from the center of the
substrate shows the localized stress, strain, and temperature values as it vary along the
thickness of the substrate assembly.
Figure 5.6 to 5.8 compares the stress, strain and temperature distributions within the DBC
substrate when alumina ceramic and the newly proposed ceramic (alumina composite)
are used as DBC ceramics in the substrate. The stress distribution in the x and ydirections are identical to each other as seen in Figure 5.6. These stress distribution in the
x and y- directions are higher than the stress distribution in the z- direction as seen in
Figure 5.6 also, this is because the loading was only in the z- direction and constraints
within the copper and the ceramic were in the x-y plane. From the localized stress
distribution in both x and y directions along the thickness of the model, the highest stress
values were generated within the base of the ceramic just at the interface with the copper
layer at the bottom, where its own stress distribution is zero. The stress values in the x
and y directions within the solder and silicon die are also within the zero range, while the
ones within the copper layer at the top surface are compressive. The stress buildup within
the ceramic and copper layers at the top reduced when the newly proposed ceramic was
introduced into the substrate, while the ones at other regions remained constant. In
addition, the stress distribution in the z- direction did not change when the newly
proposed ceramic was substituted into the substrate.
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Figure 5.6 Stress variations in the three directions across the thickness of the substrate

As seen in figure 5.7, the von Mises stress and temperature distributions within the DBC
substrate reduced when the newly proposed DBC ceramic was used as the substrate.
Although the reduction was not quite high, the little reduction reduces the risk of the
substrate and solder fatigue failure.
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Figure 5.7 Von mises stress and temperature variation across the thickness of the
substrate
The three directional thermal strains along the thickness of the substrate are found to be
equal to each other, as shown in figure 5.8, because heat transfer occurs in one direction.
Likewise, the CTE and temperature distribution within the model in all three directions
are constant due to the use of isotropic material model. Thus, the highest thermal strain
was generated within the solder and the top copper layer. Low thermal strain was
generated within the ceramic and the copper layer at the bottom of the substrate. The
thermal strains within the silicon die were close to zero. The high thermal strain
generated within the solder and top surface copper region increases the chances of solder
and substrate failure, but as the newly proposed ceramic was substituted into the
substrate, these strain values reduced, and hence reducing the chances of the solder and
substrate failure.
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Figure 5.8 Thermal strain variations in the three directions across the thickness of the
substrate

5.4

Fatigue Life Prediction

Using FEA, the fatigue life of DBC substrate with the newly proposed ceramic material
was evaluated numerically. This fatigue life analysis was based on the Joint Electron
Device Engineering Council (JEDEC) testing standards. The fatigue life cycle of the
DBC substrate was investigated using the extremely low cycle fatigue (ELCF) life model
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for plastic materials, which is a modified version of the Manson-Coffin fatigue model for
low cycle fatigue (LCF). Ductile materials, like copper, are susceptible to plastic failure
whenever they come under periodic cyclic thermal loads, and based on experimental
work in the literature, failure first originates from the copper layers.
In order to describe the cyclic failure mechanism of materials with failure cycles below
104 cycles (LCF), and to predict its fatigue life when cyclic loads are applied to the
material, the Manson-Coffin [50] model is used. The Manson-Coffin model is based on
the plastic strain amplitude of the material, but in situations where the number of cycles is
very small (below 100 cycles, i.e. ELCF), the Manson-Coffin model cannot predict the
cyclic life. Therefore, a modified version of the model by Xue’s[51] works better for
fatigue life predictions for materials with cycles below 100. From various experimental
work on the fatigue life cycle prediction of DBC substrates under extreme thermal cyclic
loading (-55 to 250 °C) conditions, the fatigue life of DBC substrates has been estimated
to be less than 100 cycles, thus Xue’s model can be used in predicting the fatigue life
cycle of DBC substrates as done in previous research works [49], [90]. In this work,
Xue’s model for ELCF materials was used in predicting the number of cycles to failure of
the DBC substrate. The ELCF prediction equation is given by:
�=

�−

� � ⁄��

−

(5.19)

Where N is the fatigue life, c and � are material constants with values of 1.76 and 2.7 for

copper, respectively, � is a function of the principle strains (� , � , � ), and � is the total
or effective plastic failure strain.
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� = √ ∗ √�

+�

+�

(5.20)

5.4.1 Finite Element Modelling
For the fatigue life prediction, the mathematical model defined for the structural timedependent condition was implemented in COMSOL multi-physics. The geometrical
model for the DBC substrate comprises only of three parts; two copper layers and a
ceramic layer in between the copper layers as shown in figure 5.1(b).
Based on JEDEC’s standard JESD22-A104D, the thermal cycling for evaluating the
thermal fatigue life of electronic packaging materials is applied as a constant temperature
heat source (i.e. applied as a thermal body load). The thermal cycling effect for this study
was designed based on the JEDEC standard (as shown in figure 5.9) within a temperature
range of -55 to +150°C. The soak time at the maximum and minimum temperature point
was set as 2min, while the ramp rate was taken as 12.5°C/min. The temperature cyclic
loading, the roller boundary conditions, and the symmetry conditions were applied as
shown in 5.10(a), 5.10 (b), and 5.10 (c), respectively.
The model was meshed using tetrahedral elements. The mesh was refined at certain
critical regions where the maximum von Mises stresses were generated. Mesh sensitivity
analysis was performed based on the von Mises stress distribution and the nodal
displacements of the FE model. Both became constant when using 56365 elements..
Figures 5.10(d) shows the final elemental mesh of the model and figure 5.11 shows the
mesh convergence plot.
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Figure 5.9 Thermal cyclic load based on JESD22-A104D [91]

(a)

T, Cyclic (b)
body load

Symmetry
(c)

(d)

Figure 5.10 Schematic views of the DBC’s geometrical model FE loading and mesh
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Mesh Convergence Plot
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Figure 5.11 Mesh Convergence

5.4.2 Results and Discussion
The results from the structural and thermal cycling analysis consist of a stress-strain
spatial distribution obtained at the lower and higher temperatures (-55 and 150°C), and a
temporal distribution obtained at certain critical points within the FE model over time.
The spatial distributions in figure 5.12 show the stress distribution in the three directions
(x, y and z) at the lowest and highest temperatures, which occur at the peaks and valleys
of the thermal cycling. The stress values in the x and y directions are of the same range in
terms of magnitude.
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σx at -55°C

σx at +150°C

σy at -55°C

σy at +150°C

σz at -55°C

σz at +150°C

Figure 5.12 Spatial distribution of stress (MPa) values in all three directions at the
maximum and minimum time frames

At the lower temperature range, the maximum stress values in the x and y directions seem
to appear within the copper as shown in figure 5.12. While the maximum stress values
appeared within the ceramic at the higher temperature range. The maximum overall stress
distribution within the substrate was in the z- direction at the higher temperature range.
Figure 5.13 shows the strain distribution at maximum and minimum temperatures. The
strain values were higher at the edges of the substrate at the copper-ceramic interface
when the load was at the highest temperature value. On the other hand, the strain values
became very small with some regions having negative values at the lower temperature
values.
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ϵx at -55°C

ϵx at +150°C

ϵy at -55°C

ϵy at +150°C

ϵz at -55°C

ϵz at +150°C

Figure 5.13 Spatial distribution of total strain values in all three directions at the
maximum and minimum time frames

The temporal plots in figures 5.14 to 5.16 were taken at five different locations at the
corner of the substrate as shown in figure 5.5(b). The plots show the variation of the
stress and strain values with time. The points were selected at the corner edges of the
substrate within the copper-ceramic interface as they are more susceptible to failure
because maximum stress and strain values have been observed at those regions. This is
due to the fact that these points are located at regions that are not constrained in any
direction, which in turn confirms the experimental failure modes of DBC substrates at
those locations.
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Alumina DBC substrate

Alumina Composite DBC substrate

Figure 5.14 Stress variation with thermal cycling time an points within the substrate

As shown in figures 5.14 to 5.16, stress and strain values were reduced when the newly
proposed ceramic was substituted into the substrate, especially the values at the top
surface of the substrate which could reduce the risk of substrate and solder failure. The
effective plastic strain value was reduced by around 30-40% of the initial value obtained
when alumina DBC ceramic was in use.
The results obtained in figures 5.14 and 5.15 (for the temporal plots) are the same as the
ones obtained from the spatial plots (shown in figures 5.9 and 5.10). As seen in figures
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5.14 and 5.15, stress and strain values reduced a little bit (especially the values at the top
surface of the substrate which could reduce the risk of substrate and solder failures) when
the newly proposed ceramic was substituted into the substrate except for the effective
plastic strain value which reduced by about half of the initial value obtained when
alumina DBC ceramic was in use as seen in figures 5.16.

Alumina DBC substrate

Alumina Composite DBC substrate

Figure 5.15 Stress variation with thermal cycling time an points within the substrate
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Alumina DBC substrate

Alumina Composite DBC substrate

Figure 5.16 Von mises stress and effective plastic strain variation with thermal cycling
time at points within the substrate

For the effective plastic strain variation with time, the corner edges within copper at the
two copper-ceramic interfaces was chosen as a likely failure point because copper is
more susceptible to failure than the ceramic due to copper having a lower yield point
compared to ceramics. The delamination of the copper layer from the ceramic layer later
initials cracks in the ceramic.. It could be seen that the plastic strains start at the interface
between the ceramic and the lower copper layer as soon as the temperature starts
increasing, the value was maintained when the temperature started dropping but started
increasing more when the cyclic loading reached the lowest temperature value. Later, the
value dropped back to the previously maintained value.
From Xue’s [51] model for predicting the fatigue of ELCF materials, the fatigue life of
the DBC substrate was estimated.
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Table 5.2 Number of cycles to failure
Alumina DBC substrate
Alumina Composite DBC substrate

No. of cycles
29
63

From table 5.2, it could be seen that the number of cycles to failure of the substrate
increased by almost a factor of 2 when the DBC ceramic was replaced with the newly
proposed ceramic having higher thermal conductivity and lower CTE. This shows that
replacing an alumina DBC ceramic with one having higher thermal conductivity and
lower CTE could actually improve the fatigue life of the substrate. It is important to note
that even with the same loading conditions, the number of cycles to failure for the
alumina DBC substrate in table 1 are not comparable because the thickness of the copper
and ceramic layers are different.

5.5

Model Validation

The finite element model used here was validated with the works of Xu et.al [22]. While
using the same geometrical and material model, the number of cycles to failure of the
substrate was predicted to be 41 cycles and where the predicted value in their work was
within a range of 38 to 44 cycles. In this work, the geometrical model of the substrate
was taken from the works of Liu [5].
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5.6

Chapter Summary

This chapter has provided:


The thermal-structural behavior of a direct bonded copper substrate with a newly
proposed DBC ceramic using finite element method



The fatigue life cycle of a direct bonded copper substrate with a newly proposed DBC
ceramic using finite element method



The fatigue life cycle calculation using the extremely low cycle fatigue model.



A comparative study between results obtained when the current alumina DBC
ceramic and the newly proposed alumina composite DBC ceramic is used in the DBC
substrate

The next chapter would present a description conclusion to this work as a whole and
adequate recommendation.
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6 CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
The newly proposed ceramic material for applications in power electronic substrates
which must possess higher thermal conductivity and lower CTE values as compared to
alumina, but while retaining the adhesive strength (between alumina and copper),
environmental and economic benefits of alumina was designed, developed and
characterized.
The material was designed to be an alumina composite with either of silicon carbide,
chromium or diamond as fillers since no other ceramic possess the adhesive strength
(between alumina and copper in DBC application), environmental and economic benefits
of alumina. Computational models used in predicting the effective properties of
particulate composites were used for evaluating and optimizing appropriate filler volume
fraction and particle sizes.
Using spark plasma sintering (SPS) three samples were developed, one pure alumina and
two alumina composites with 20% silicon carbide (31 and 46µm from two different
manufactural) . The developed alumina-silicon carbide composites turned out to have
lower density (from 3.91 to 3.81g/cm3), higher thermal conductivity (from 33 to 38W/m2
K) and lower CTE (from 5.58 to 4.7µm/m-°C) values when compared with pure alumina,
but the hardness value of the alumina composite materials reduced as compared to the
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pure alumina which could be associated with the poor interfacial bond between alumina
and silicon carbide. XRD patterns of the samples showed no chemical reactions between
the alumina matrix and silicon carbide fillers.
The performance evaluation was conducted using finite element method (FEM) by
considering the thermal-structural and fatigue life of the DBC substrate with the newly
proposed ceramic material. Normal working and extreme thermal cycling conditions
were simulated and analyzed, where the temperature, strain and localized stress
distribution within the substrate at a steady state condition was analyzed, and the
improved Coffin-Mason law was used in calculating the fatigue life of the substrate under
extreme thermal cycling conditions. The newly proposed ceramic (alumina composite)
demonstrated more robust properties than alumina as a DBC ceramic in the substrate due
to improved thermal-mechanical performance which reduces the risk of substrate and
solder failure. Also, the fatigue life cycle of the substrate under transient thermal cycling
test (based on JEDEC’s standards) improved when the newly proposed and developed
ceramic was substituted into the substrate with about 100% increment in the life cycle
over an alumina DBC ceramic.
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RECOMMENDATIONS
A means of strengthen the interfacial bond between the alumina matrix and silicon
carbide filler materials still needs to be developed, so has to improve the hardness of the
material. The sintering temperature of the composite still needs to be optimized since
alumina and silicon carbide do not sinter at the same temperatures because silicon carbide
has a higher melting point than alumina, as this could be a way of improving the
interfacial bond between the matrix and filler material.
An experimental means of determining the electrical conductivity of the developed
samples still needs to be explored because the sample is a high electrical insulating
material. Also a better nondestructive experimental means of determining the modulus
elasticity of small samples needs to be explored as know existing means are destructive in
nature.
The ceramic-copper adhesive strength between the newly proposed developed ceramic
(alumina composite) and copper needs to be explored and results obtained compared with
the adhesive strength between alumina and copper.
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