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Abstract
The present thesis consists of two projects.
Project 1 - 80Al20W
Fabrication of tungsten and tungsten aluminide reinforced Al matrix
composite and the study of the solid-state diffusion mechanism
Tungsten aluminide and tungsten reinforced aluminium matrix composites (AlMMCs) were in-situ processed via pulsed current processing (PCP). As
interfacial diffusion between solid-state elemental aluminium (Al) and tungsten
(W) controls the formation of tungsten aluminide in the Al-MMCs, important
factors - heating rate, sintering temperature and time and starting particle size that could affect the diffusion process were investigated. It was found that
heating rates and sintering time had minor influence on the diffusion process
between aluminium and tungsten during sintering. The sintered Al-MMCs
from micron-sized (1~15 µm) particles showed that Al4W and Al12W were
formed at the boundary of unreacted W particulates. The composite showed
remarkable enhancement of the properties, with a hardness of 0.45 GPa of the
Al matrix and 4.35 GPa of the W particulates. Meanwhile, the material sintered
from nano-sized (70 nm) particles, with the same sintering profile, showed
nearly complete phase transformation toward the equilibrium phase Al 4W.
The results showed that the atomic diffusion distance required for complete
phase transformation was determined by the particle size of the starting
elemental materials. Therefore tuning the particle size could be a deciding
factor in terms of tailoring the composition and microstructure of particulate
reinforced Al matrix composite.

Project 2 - HEC
Single-phase high-entropy B4(HfMo2TaTi)C and SiC ceramic composite
In order to maximize the probability of forming high-entropy solid solution
in a ceramic system, ceramic compounds with least difference in the crystal
structure, preferably with only one nonmetallic constituent element, are
normally chosen to prepare high-entropy ceramics (HECs), which limits the
potential of designing new HECs.
In this project, a composite of high entropy ceramic B 4(HfMo2TaTi)C
containing high temperature carbides B4C, HfC, Mo2C, TaC, TiC and SiC was
processed using pulsed current processing (PCP). It was found that despite of
the difference in crystal structures of carbides (face-centred cubic, hexagonal
and rhombohedral), a single phase high-entropy ceramic B4(HfMo2TiTa)C was
formed with a hexagonal close packed (HCP) crystal structure. The formation
of single-phase HEC was resulted from the independent diffusion behaviour of
metal and nonmetal atoms in the host lattice. Experimental characterization
results and the density-functional theory (DFT) based crystal structure
prediction confirmed the formation of hexagonal close-packed (HCP) crystal
structure, and suggested that the HCP structure contains alternating layers of
the metal atoms distributed on the (001) plane and carbon/boron atoms
occupying the (002) plane. The high entropy phase showed high hardness
value of 35 GPa due to the severe lattice strain (8.26%) in the multi-component
hexagonal structure by B4C addition. It was found that, pressure plays an
important role in controlling the formation of HEC, with producing bodycentred cubic (BCC) structured high-entropy B4(HfMo2TiTa)C ceramic via
pressureless sintering. This work pointed out the potential and broadening of
the design criteria of the field of the high-entropy ceramics.
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1. Project description

Project 1- 80Al20W
Particulate reinforced aluminium metal matrix composites (Al-MMCs)
with remarkable physical and mechanical performance are attractive for
automotive and aerospace applications1-3. Incorporation of high strength
aluminide intermetallic reinforcements such as TiAl34 and Al12W5 into Al
matrix to fabricate particulate reinforced Al-MMCs have shown the capability
of forming of strong interfacial bonds between the intermetallic compound and
Al matrix, thereby contribute to superior mechanical properties of the AlMMCs.
However, the limited solubility of Al and some refractory elements hinders
the formation of aluminide intermetallics. Mechanical alloying and hot
extrusion have been employed to synthesize intermetallic reinforced Al-MMC.
These techniques are feasible, however, in most cases are time and energy
consuming. In this project, we fabricated in-situ tungsten aluminide (AlxW)
and tungsten (W) reinforced aluminium matrix composites from elemental W
and Al using pulsed current processing (PCP), aiming at achieving combined
reinforcement effects from W particulates and tungsten aluminide
intermetallics. Phase evolution, microstructure and mechanical properties of
the sintered Al-MMCs were characterized.
It was concluded that the formation mechanism of tungsten aluminide
intermetallics during PCP was controlled by solid-state diffusion. Therefore,
the effect of heating rate, sintering temperature and starting particle size on the
processing and properties of the particulate reinforced Al-MMCs had been
investigated. By studying these controlling parameters, especially particle size,
we were able to optimize the sintering process and tailor the properties of AlMMCs.
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Project 2 - HEC
Traditional alloys such as steels, aluminium alloys and copper alloys
containing one principal, solvent element to which various solute elements are
added for improving the specific properties. For centuries, the design concept
of an alloy has been following the same idea until recently, a new class of
material - high-entropy alloys (HEAs) - was firstly brought up by J.W Yeh et
al.6 HEAs normally contain multiple components, often five or more in
equiatomic or near-equiatomic ratios. However, instead of displaying multiple
phases in the sintered material, HEAs can exhibit simple solid solution phase
like face-centred cubic (FCC), body-centred cubic (BCC) and hexagonal close
packed (HCP) crystal structures7. The high entropy of mixing raised from the
complex compositions leads to the minimization of free energy to stabilize
HEAs. Moreover, compared to conventional alloys, lattice distortion, sluggish
diffusion and cocktail effect that are specifically found in HEAs system
contribute to great improvements in the mechanical performance.
Being inspired by the concept of HEAs with metallic system, researchers
started to expand the high-entropy family to ceramic materials. The new
family member of high-entropy ceramics, denoted as HECs consist of various
ceramic compounds such metallic oxides, nitrides or carbides. It has been
found that HECs show superior mechanical properties over conventional
ceramic materials, implying that similar strengthening mechanisms that are
found in HEAs system apply to HECs. High melting points and high strength
of the ceramic materials as constituting components make the processed HECs
promising for elevated temperature applications.
The formation mechanism of high-entropic phase in HECs stays unclear
and unpredictable. In the reported research works, the focus is on using one
certain ceramic system, either metal oxide, or boride or carbide, so that the
geometrical difference in the crystal structures can be minimized thereby
increase the chance of forming single phase ceramic solid solution. In this
project, quaternary and quinary high-entropy carbides were fabricated from
refractory carbides HfC, Mo2C, TaC, TiC and B4C of face-centred cubic,
hexagonal and rhombohedral crystal structures. The involvement of all
constituting element in the formation of high-entropy ceramic phase was
confirmed. Therefore we designed and processed a new high-entropy ceramic
composite from aforementioned refractory carbides and SiC by pulsed current
processing (PCP). The sintered HEC composite consists of single-phase
B4(HfMo2TiTa)C ceramic with hexagonal close-packed (HCP) structure and
coalesced SiC. The HCP structure was investigated and confirmed using
various characterization methods, as well as the density functional theory
(DFT) calculation.
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2.1. Aluminium based metal matrix composites
Aluminium based metal matrix composites (Al-MMCs) that consists of
“hard” reinforcements and “soft” metal matrix are wildly utilized in the market
of ground transportation, aerospace, infrastructure industries, etc3. The
physical and mechanical properties – ductility and toughness from the Al
matrix and high hardness and strength from the reinforcements are combined
to improve the composite performance. Compare with other composite
material like polymer matrix composite (PMC) and ceramic matrix composite
(CMC), MMCs show advantages of having high thermal and electrical
conductivity, good impact resistance and good resistance to aggressive
working environments for instance high moisture content or high temperature 2.
2.2. Aluminide intermetallic reinforced Al -MMCs and the
processing routes
The incorporation of hard particulate reinforcements such as Al2O3, SiC
and TiC to Al Matrix has been studied8-10. Compare to Al-MMCs with fibre or
whisker reinforcements, particulate reinforced Al-MMC show advantages of
near isotropic structure and properties. Commonly, the particulate
reinforcements are incorporated into the Al matrix either by ex-situ processing
where synthesized particulates are added to Al matrix or in-situ processing
where the particulates are synthesized from constituent elements in Al matrix
during processing. Compare to ex-situ processing, in-situ processing offer the
advantages of exhibiting homogeneous microstructure, strong and defect free
interfaces and high energy efficiency.
In order to achieve remarkable mechanical properties of the particulate
reinforced Al-MMCs, the interface bonding between the matrix and the
particulate reinforcement is essential as it is the region through which the
stress is transferred from the matrix to the reinforcements. It has been reported
that the utilization of Al based intermetallic particulates as reinforcements
offers strong interfacial bonds between the reinforcement phase and the Al
matrix11. Therefore, aluminide intermetallics with high hardness, high strength
and low coefficient of thermal expansion become suitable reinforcement
candidates for Al-MMCs.
The formation of intermetallic compounds can be explained by two
mechanisms: thermal explosion (TE) or atomic diffusion. TE is a combustion
synthesis performed by fast heating the prepressed green body under inert gas
atmosphere12. In most cases the product from TE is fully reacted intermetallic
material with porous structure, which makes TE less practical for the
fabrication of Al based intermetallic reinforced MMC. Compared to TE, solid3
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state atomic diffusion is mild and controllable, however processing of
intermetallic compounds via diffusion process is energetically intensive and
time consuming. Besides, in terms of incorporating refractory constituent such
as tungsten aluminide (AlxW) with Al matrix, the limited diffusivity between
Al and W makes the formation of Al-matrix reinforced with intermetallic
compounds even more challenging. So far the documented fabrication
techniques of tungsten aluminide reinforced Al-MMCs include mechanical
alloying, hot extrusion, etc5,13,14. Long processing time or high sintering
temperature is normally involved in order to achieve the reinforcing effect
from the high strength intermetallic particulates.
Therefore, a feasible solution to efficiently fabricate aluminium based
intermetallic reinforced Al-MMC is to in-situ process constituent element via
pulsed current processing (PCP) where elemental powders are fast sintered
under a combined effect of uniaxial pressure, vacuum and pulsed direct current
in PCP. The formation of intermetallic occurs simultaneously with the
consolidation of MMC, resulting in dense materials with uniform distributed
reinforcements.
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3.1. Basic concepts and thermodynamics
Most conventional alloys contain one principal element with other alloying
elements to design an alloy with improved mechanical, chemical or functional
properties. The first trial of producing multicomponent alloy with equal mass
fraction of the multiple principal elements was in the end of 18th century, by a
German scientist Franz Kal Achard15. The results were not promising to
encourage researchers to continue exploring in this field. From the year of
2003, S. Ranganthan16 from Indian Institute of Science, Brian Cantor17 from
Oxford University and Jien-wei Yeh6 from National Tsing Hua University
independently published the work of multi-principal-element alloy. By
showing promising results from vast experimental investigations, the concept
of “high-entropy alloy” became widely accepted and triggered massive
researches in this field.
High-entropy alloys (HEAs) is defined as alloys that contains five or more
multiple elements in equiatomic or near-equiatomic ratios6. As a result of
mixing multiple components, the system exhibits high configurational entropy,
which can be calculated by the following equation derived from Boltzmann’s
equation18,19:
𝑛

∆𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑ 𝑋𝑖 ln 𝑋𝑖

Equation 3.1

𝑖=1

where R is the gas constant, n is the number of components and 𝑋𝑖 is the
mole fraction of the ith component. The configurational entropy increases with
the increase number of components. Notably, the term “high-entropy” in
HEAs refers to high mixing entropy and the configurational entropy ∆𝑆𝑐𝑜𝑛𝑓 is
the main contribution to the mixing entropy ∆𝑆𝑚𝑖𝑥 amongst the four entropy
sources: configurational, vibrational, electronic and magnetic entropy. For
equiatomic alloys, the configurational entropy can be calculated as:
∆𝑆𝑐𝑜𝑛𝑓 = 𝑅 ln 𝑁

Equation 3.2

where N is the number of components in a HEAs alloy. For a fivecomponent HEA, the configurational entropy is high as 1.61R, shown in
Figure 3.1. Practically, HEAs can also be non-equiatomic in order to tailor the
properties. Therefore, the lower limited of configurational entropy is suggested
to be 1.5R for a multicomponent alloy to be classified as HEAs.
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Figure 3.1 Configurational entropy as a function of the number of components for
equiatomic alloys in the random solution state (R is the gas constant, 8.31 J/(K·
mol))

Despite of multicomponent in the system, HEAs have been reported to
form simple solid solutions with face-centred cubic (FCC), body-centred cubic
(BCC) or hexagonal close packed (HCP) crystal structures. The basic principle
is that the high mixing entropy of the solid solution reduces Gibbs energy of
mixing ∆𝐺𝑚𝑖𝑥 , thereby enhances the stability of the solid solution according to
Equation 3.3:
∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥

Equation 3.3

The term 𝑇∆𝑆𝑚𝑖𝑥 increases at high temperatures, resulting in even
lower ∆𝐺𝑚𝑖𝑥 . Therefore HEAs normally show high thermal stability and
maintain most of the mechanical properties at elevated temperature.
3.2. Core effects of HEAs

Figure 3.2 The scheme of how four core effects influence the properties of HEAs20
(published with permission from Springer).

Except for compositional difference with conventional alloys, HEAs have
their own factors that influence their microstructure, physical and mechanical
properties. The four core effects of HEAs, high entropy effect, sluggish
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diffusion, severe lattice distortion and cocktail effect, were first summarized
by Yeh21 in 2006.
High-entropy effect is the thermodynamic foundation of HEAs. From free
energy perspective, the formation of solid solution is a competition between
enthalpy and entropy of mixing. For HEAs that contains five or more
components, the significantly increased TΔS term minimizes the free energy,
which stabilizes the high-entropy solid solutions, especially at elevated
temperature. Severe lattice distortion rises from the atom size difference in the
multicomponent system. It has been reported that HEAs shows higher
hardness over traditional alloys because of hindered dislocation movement by
lattice distortion7,22. Associated with lattice distortion, sluggish diffusion
effect rises from the fluctuation in the potential energies of the sites in the
distorted lattice. The cocktail effect is a phrase to describe “the overall effect
from composition, structure and microstructure”23 in a HEA system.

3.3. Synthesis of processing
Different techniques have been adopted to process high-entropy materials.
Depending on the state of mater when the starting materials are mixed, the
techniques can be categorized into three groups: liquid-state route, solid-state
route and vapour-state route20. Vapour-state routes such as physical vapour
deposition and sputtering deposition are commonly utilized to prepare thin
films for coating applications and will not be discussed in the thesis.
Liquid-state sintering
The most commonly used liquid-state sintering technique is vacuum arcmelting (VAM), where the constituent materials are molten by the electric arc
generated between the tungsten electrode and the material. The melting
process is normally repeated for four or five times to improve the homogeneity
and purity of the high-entropy material. Since the elements are mixed in
liquid-state, the geometry and grain size of the starting materials become less
significant. However, despite the simplicity and high energy efficiency, the
most considerable constrain of vacuum arc melting is the heterogeneous
microstructure induced by the thermal gradient from surface to centre during
solidification, which makes the microstructure and properties of the as-cast
high-entropy material less controllable. Modified solidification process and/or
post heat treatment are normally to promote the microstructure homogeneity
and reduce the defects created during casting procedure.
Another commonly employed liquid-state route is laser melting and
cladding. A concentrated laser beam is applied to the powder bed, so that a
small focused area is molten and become dense weld bead as the laser scans
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across the substrate (Figure 3.3). This technique has been proved to produce
high-entropy materials with remarkable mechanical properties such as high
strength and high wear resistance. It provides the opportunity of varying the
composition during the process to produce high-entropy materials with
gradient properties along the building axis.

Figure 3.3 schematic of laser cladding process24.

Solid-state sintering
Mechanical alloying (MA) is technique where dry powders are mixed via
high-energy ball milling technique at room temperature (or cryo-temperature)
for a long time to induce compositional change during milling20. It has been
adopted to produce high-entropy alloy such as AlFeTiCrZnCu25 and
AlCoCrCuFe26.
Most of the products from MA are powder, therefore in case of the
sintering of bulk materials, subsequent consolidation is required after MA.
Pulsed current processing (PCP), as one of the most wildly utilized solid-state
sintering processes to prepare high-entropy materials is commonly combined
with MA to produce dense high-entropy materials. The starting materials are
mixed and homogenized in their powder form by MA, and then filled into a
cylindrical graphite die and pressed prior to the sintering process. Graphite
foils are commonly added between the powder and the graphite die, to avoid
undesired reactions of the powder and the die. By combining pulsed direct
electrical current, uniaxial press and vacuum/inert gas atmosphere during PCP
(Figure 3.4), powder materials are efficiently consolidated to fully dense
pellets at relatively lower temperatures within short sintering time. Compared
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to liquid-state routes which involves high energy input, solid-state sintering is
more applicable for fabrication of high-entropy ceramics due to the high
melting points of refractory ceramic materials (normally >3000 °C).

Figure 3.4 Schematic of Pulsed current processing (PCP)

3.4. Current research on high-entropy ceramics
Inspired by the concept of high-entropy alloys, researchers started to apply
the concept to multicomponent ceramic composites. It was then reported the
high mixing entropy in a multicomponent ceramic system can contribute to
minimizing the free energy and promoting the formation of single-phase solid
solution phase in the bulk material. Other core effects found in HEAs such as
the high-entropy effect that stabilizes the high-entropy solid solution phase,
severe lattice distortion effect and sluggish diffusion effect which improves the
mechanical performances also apply to high-entropy ceramics HECs. The
reported single-phase (HECs) show superior mechanical properties over
individual ceramics27-29.
Entropy-stabilized oxides - Christina M. Rost
The first single phase HECs was fabricated from metallic oxides by Rost,
C.M. et al. in 201527. A five-component metal oxide composite was sintered in
a tube furnace under an atmosphere of air. A single-phase FCC crystal
structure was formed at the temperature range of 850 – 900 °C. Rost, C.M.
discussed that the abundant equivalent sites for the constituent cations in the
sublattices led to high configurational entropy and promoted the formation of
single-phase HECs. It was reported that the high-entropy oxide experience a
reversible phase transformation between single-phase and multiphase under
thermal excursions (1000 °C – 750 °C – 1000 °C).
The first report in the HECs field from by Rost, C.M. et al. proved the
possibility of forming single-phase solid solution from multicomponent
ceramic system and inspired researchers to further explore in this field.
9

3. High-entropy Materials

High-entropy metal diborides - Joshua Gild
In 2016, Joshua Gild et al. reported the synthesis of high-entropy borides
(HEB)28. Five components were chosen from refractory metal borides HfB 2,
ZrB2, NbB2, TiB2, W2B5, CrB2, TaB2, and MoB2 and mixed in equiatomic ratio
based on the metal atoms. The sintering was performed via high energy ballmilling for 6 hours, followed by spark plasma sintering (SPS, also known as
pulsed current processing, PCP) at 2000 °C under vacuum, with a uniaxial
pressure of 30 MPa. Seven metal diboride systems were investigated and
reported in the article.
Among the seven synthesized diborides, six diboride systems exhibit HCP
AlB2 structure, which has metal atoms occupying the (001) plane and 2D
boron nets on the (002) plane (Figure 3.5). The phase evolution from mixture
of five diboride powders to single phase HEB was confirmed by various
characterization methods, including x-ray diffraction (XRD), energy dispersive
spectrometry (EDS), high-angle annular dark-field (HAADF) and annular
bright-field (ABF) images, etc. Additionally, the synthesized HEBs show
superior properties over the individual diboride ceramics with higher hardness
value and more remarkable oxidation resistance.

Figure 3.5 Schematic of the HCP lattice structure of the fabricated HEBs. M represents
the metal atoms.28

In the study, a new way of calculating the geometrical difference in a
multicomponent high-entropy ceramic was defined. According to Joshua Gild
et al., as a result of more complex bonding conditions in the metal diboride
components, the average atomic-size difference which is commonly evaluated
in a metallic high-entropy system, cannot sufficiently describe the geometrical
difference in the multicomponent system. Besides, all the starting materials
have the hexagonal close packed (HCP) crystal structure. Therefore the
geometrical factor - difference of lattice parameters a (𝛿𝑎 ) and c (𝛿𝑐 ) of the
HCP lattice structure - were calculated to evaluate the capability of forming
single-phase solid solution in a high-entropy ceramic system, by equation 3.4
and 3.5.

10
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𝑁

𝑁

𝛿𝑎 = √∑ 𝑋𝑖 [1 − 𝑎𝑖 ⁄(∑ 𝑋𝑖 𝑎𝑖 )]
𝑖=0

𝑖=0

𝑁

𝑁

Equation 3.4

and
𝛿𝑐 = √∑ 𝑋𝑖 [1 − 𝑐𝑖 ⁄(∑ 𝑋𝑖 𝑐𝑖 )]
𝑖=0

Equation 3.5

𝑖=0

It was found that, because the (001) plane with metal atoms is constrained
by the boron net, 𝛿𝑐 turns out to be the main factor to evaluate the formation of
high-entropy solid solutions. The composition (Hf0.2Zr0.2W0.2Mo0.2Ti0.2)B2 for
which the single-phase did not form has the highest 𝛿𝑐 of 6.2%.
Table 3.1 Summary or crystal structures of the staring diborides

HfB230
ZrB231
NbB232
TiB233
CrB234
TaB235
MoB236
W2B537

Pearson Symbol
hP3
hP3
hP3
hP3
hP3
hP3
hP3
hP12

Space group
191
191
191
191
191
191
191
194

Apart from the lattice parameter difference, Joshua Gild also discussed
about other factors that could influence the formation of high-entropy solid
solution such as crystal structure difference and solid solubility. W2B5 has
HCP structure as other starting materials (Table 3.1) however belongs to
different space group. Compare with other diborides, W 2B5 has 12 atoms in
one hexagonal unit cell and different symmetry operations in the lattice. This
minor difference of crystal structure can be one of the reasons why the
(Hf0.2Zr0.2W0.2Mo0.2Ti0.2)B2 did not form single-phase solid solution.
The result and discussion from Joshua Gild el at. suggest that, choosing
starting materials that have similar/same crystal structure is an essential factor
to maximize the capability of forming single-phase solid solutions when one
designs high-entropy ceramics.
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High entropy carbides - Elinor Castle
Elinor castle et al. synthesized refractory (Hf-Ta-Zr-Ti)C and (Hf-Ta-ZrNb)C high-entropy carbides (HEC) via SPS29. The sintering was performed at
a maximum temperature of 2300 °C with a heating rate of 100 °C/min. The
sintered HECs formed single-phase solid solution with face-centred cubic
(FCC) crystal structure shown in XRD diffractogram (Figure 3.6).

Figure 3.6 Phase evolution of the quaternary carbides before and after the sintering
process29.

Elinor castle pointed out that the mismatch of the lattice parameters of the
starting monocarbides is a key factor in order to form high-entropy phase.
Compare to other components, Ta has slowest inter-diffusion coefficient and
lowest vacancy formation energy in its monocarbide TaC, making it more
energy preferable for TaC to act as the host material and accommodate other
atoms. Besides, metal atoms and carbon atoms have independent interdiffusion behaviour, meaning metal atoms from the components diffuse to Ta
vacancies and carbon atoms only migrate to carbon vacancies in the TaC rocksalt lattice. As shown in Table 3.2, all the monocarbides have FCC structure,
which consequently led to same crystal structure and similar lattice parameters
of the sintered high-entropy carbide phase with the starting materials.

12
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By optimizing the sintering program, they reported the significant
influence of sintering time (holding duration at the maximum temperature) on
the phase evolution in the investigated multicomponent carbide system. Too
short sintering time (2 min) resulted in chemical inhomogeneity, on the other
hand prolonging the sintering time to 10 min could induce decomposition of
the high-entropy ceramic phase during cooling process.
Table 3.2 Summary or crystal structures of the staring carbides

HfC38
ZrC39
NbC40
TiC41
TaC42

Pearson Symbol
cF8
cF8
cF8
cF8
cF8

Space group
225
225
225
225
225

From the reported literatures in the field of high-entropy ceramics, it can be
seen that stronger covalent bonding in ceramic components, as well as the vast
difference of the atomic size and diffusion behaviour between metal and
nonmetal atoms make the design of a high-entropy ceramic more challenging.
The importance of the geometrical factor in the multicomponent system was
emphasized by the researchers. Therefore, it becomes preferable to design and
synthesize high-entropy ceramic with only one nonmetal atom (oxygen, boride
or carbon). Additionally, similar crystal structure of the starting materials and
less mismatch of lattice parameters is also preferable to promote the phase
transformation toward high-purity single-phase high-entropy ceramics.
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4.1. Pulsed current processing

Figure 4.1 Schematic of the processing from powder mixture to sintered pellet using
PCP

The precursor powders are mixed with their designed ratio and thoroughly
mixed for two hours in the ball milling (Figure 4.1). In project I (80Al20W),
two batches of powder mixture with different staring particle size were
prepared separately to study the effect of particle size on the diffusion process,
denoted as m-80Al20W and n-80Al20W, respectively (shown in Table 4.1). In
project II, different recipes were utilized to study the influence of particle size
on phase formation. Details about the starting particle sizes and notation are
shown in Table 4.2. The weight ratio of stainless-steel milling ball to powder
is 5:1. The pulsed current processing (PCP) was conducted on SPS825 or SPS530ET (Dr. Sinter Spark Plasma Sintering System), according to different
requirement of the vacuum condition during sintering. The powder mixtures
were filled into a graphite die and heated to the desired sintering temperature
with a heating rate of 100 °C/min. The detailed sintering parameters for
different projects are listed in Table 4.3.
Table 4.1 Particle size information of the starting material in 80Al20W project

m-80Al20W
n-80Al20W

Aluminium
APS 1–15 μm
70 nm

Tungsten
<1 μm
70 nm
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Table 4.2 Particle size of the precursors and the corresponding notations

Component

HEC(++)

HEC(+)

HEC(Fine)

B 4C

1-7µm

1-7µm

1-7µm

Mo2C

-325mesh

2-6µm

2-6µm

HfC

-325mesh

<1.25µm

<1.25µm

TaC

<1µm

-325mesh

<1µm

TiC

5µm

2µm

2µm

*HEC processed from four components are denoted as 4-HEC(++), 4HEC(+) and 4-HEC(fine).

Table 4.3 PCP Sintering programs used for different projects

80Al-20W
HECs/SiC
composite
Quaternary
and quinary
HEC

Sintering
temperature
(°C)

Heating
rate
(°C/min)

Holding
time
(min)

Pressure
(MPa)

Instrument

550

100

2

20

SPS825

1650

100

5

60

SPS530

1800

100

5

60

SPS530

4.2. Density measurement
The density of the sintered samples 𝜌 was measured using Archimedes
water immersion method.
𝜌 = (𝑚𝑎𝑖𝑟 − 𝑚𝑤𝑎𝑡𝑒𝑟 )/𝜌𝑤𝑎𝑡𝑒𝑟

Equation 4.1

where 𝑚𝑎𝑖𝑟 and 𝑚𝑤𝑎𝑡𝑒𝑟 is the mass of the sample measured in air and
water, respectively, 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water (1 𝑔⁄𝑐𝑚3 at 4 °C).
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4.3. Microstructure investigation
Scanning electron microscopy (SEM)
Based on the requirement of the magnification and image resolution,
scanning electron microscopy JSM-IT300 (JEOL, Tokyo, Japan) and Magellan
400 XHR-SEM (FEI Company, Eindhoven, Netherlands) were used for
microstructure characterization. The PCP sintered n-80Al20W was
investigated by Magellan 400 and the microstructure of all other samples in
this thesis was studied by JSM-IT300. All the samples were grinded and
polished by following the standard metallographic procedures before being
sent to microstructure characterization.
Energy dispersive spectrometer (EDS) and wavelength dispersive
spectrometer (WDS)
Energy dispersive spectrometer (EDS) mounted on JSM-IT300 SEM was
used to investigate the elemental composition on the sample. For the HEC
composite sample that contains light elements carbon and boron, the
compositional analysis was additionally performed by wavelength dispersive
spectrometer (WDS) on Merlin SEM (Zeiss, Oberkochen, Germany).
4.4. Phase identification
X-ray diffraction
The phase distribution was identified using X-ray diffraction (XRD), on an
X-ray diffractometer (Empyrean, PANalytical, United Kingdom) with Cu-Kα
radiation. All the samples were scanned from 2𝜃 = 15 to 120 °with a step size
of 0.026 °. The XRD patterns were analysed in Highscore Plus software for
phase identification, peak indexing and lattice strain calculation.
Transmission electron microscope
In paper III, the HECs composite sample was analysed using transmission
electron microscopes (FEI Tecnai G2F20, FEI Company, USA). The sample
was crushed (instead of grinded) into powders to preserve the shape of the
grains. The lattice structure was investigated by taking selected area diffraction
(SAD) pattern from the high-entropy phase in the HEC composite.
4.5. Thermal analysis
Differential Scanning Calorimeter (DSC)
The thermal analysis for 80Al20W sample in paper I and the oxidation
resistance rest for HEC composite in paper III were conducted on differential
scanning calorimeter (STA 449 C Jupiter®, NETZSCH, Germany). The
80Al20W powder mixture was cold pressed into pellets using a hydraulic press
17
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at a pressure of 5 Ton and then heated treated in DSC. The heat flow curve
was recorded to study the effect of different sintering parameters on the
diffusion process. The oxidation test for HEC composite was performed by
heating the sample to 900 °C and keeping isolated for 50 hours under air
atmosphere. The oxidation behavior was analyzed based on the mass change
curve.
4.6. Mechanical testing
Microhardness
In paper I, the microhardness testing was performed using a matsuzawa
MXT-CX microhardness tester (Matsuzawa Co., Japan). The sample was
tested after microstructure investigation in SEM and phase identification in
XRD so that the surface remains plane and clean. The applied load was 50g.
At least 9 indentations were performed to obtain the average hardness value.
Nanoindentation
For HECs composite in paper III, nanoindentation was performed because
of too small grain size of the HEC phases. The test was conducted on an MTS
nanoindenter XP, with a maximum load of 20 mN. The force-displacement
curve was recorded to obtain the average nanohardness and Young’s modulus
of the high-entropy B4(HfMo2TaTi)C phase.
Tribological property
The wear resistance for the HEC was tested using a tribometer (Universal
Tribometer, Rtec Instruments, US) with the ball-on-disk mode with a testing
load of 10 N, a sliding distance of 120 m and a sliding speed of 100 rmp under
room temperature.
Torch test
The torch testing was performed as an additional test of oxidation
resistance of HEC composite at elevated temperature. The composite was
exposed to a liquefied petroleum gas (LPG) torch for 20 s. The mass of the
specimen and XRD pattern was recorded before and after the experiment.
4.7. Crystal structure prediction
Density-functional theory (DFT) was applied to predict the lattice structure
of the HEC ceramic phase. With known crystal structure from the
experimental results, lattices with different configurations and unit cell sizes
were created and optimized.
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5.1. Project 1 – 80Al20W
Effect of heating rate
Cold pressed 80Al20W pellets were heated to 1000 °C in Differential
Scanning Calorimeter (DSC) with different heating rates (0.5, 1, 5, 10 and
20 °C/min) to evaluate the effect of heating rate on the formation of tungsten
aluminide intermetallics. It can be seen from the heat flow curves in Figure 5.1
(a) that the first endothermic peak appears at around 660 °C, which
corresponds to the melting point of Al. The melting of Al is immediately
followed by exothermic event. As DSC has higher resolution with increasing
heating rate, the 10 and 20 °C/min curve reveals two exotherms at 720 °C and
738 °C. The two exotherms corresponds to the formation of two different
tungsten aluminides.

Figure 5.1 (a) DSC data and (b, c) XRD patterns obtained from m-80Al20W green
compacts sintered to 1000 °C with different heating rates.

X-ray diffraction (XRD) in Figure 5.1 (b) and (c) shows that the samples
consist of Al4W as the major phase and trace amount of Al5W, which refer to
the two exothermal events in DSC, despite of different heating rates. High
sintering temperature (up to 1000 °C) and relatively low heating rates during
the sintering promoted the reaction toward the formation of the equilibrium
phase Al4W, which has the same compositional ratio with the starting material.
Effect of sintering temperature and holding time
In order to study the diffusion process under solid-state, the 80Al20W
green compacts were heated 1000 °C with one hour holding time at different
temperatures below the melting point of Al (660 °C) to promote the solid-state
diffusion process. The peaks which refer to the melting of Al at 660 °C can be
seen in all the samples that were heated to 1000 °C. It is obvious that the heat
flow/enthalpy of reaction of the thermal events decline when increasing
holding temperature from 550 to 650 °C. The reason is that the increased
holding temperature causes more intensive atomic diffusion between Al and
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W. Higher amount of Al atoms are consumed in the formation of tungsten
aluminide intermetallic before the melting event occurs.

Figure 5.2 DSC curves of m-80Al20W green compacts sintered to 1000 °C and XRD
patterns of samples treated with different temperature profiles.

To further study of the influence of different sintering temperature and
time on the chemical composition and microstructure evolution, samples with
different heating programs (a1, a2, b1, b2, c1 and c2 in Figure 5.2) were
investigated using XRD and SEM (Figure 5.3). The formation of intermetallic
compound Al12W at solid state (below 660 °C) is confirmed in the XRD data
(Figure 5.2 a, b and c). Additionally, the phase evolution toward intermetallic
compounds is promoted with higher holding temperature and longer holding
time, shown as more pronounced Al12W diffraction peaks in the XRD patterns.
The microstructure evolution from elemental Al and W towards tungsten
aluminide intermetallic in the m-80Al20W green compacts with increased
temperature and prolonged heating is shown in Figure 5.3. Sample b1 (heated
to 600 °C) in Figure 5.3a and b reveals the formation of initial diffusion zone
at the interface of Al and W phases. As Al diffuses faster than W, Al12W with
the highest atomic fraction of Al among all three tungsten aluminide
intermetallics (Al4W, Al5W and Al12W) is firstly formed at the interface of Al
and W. By increasing the sintering temperature (c2) and prolonging the
sintering time (b2), the promoted diffusion process results in the formation of
Al4W at the W/Al12W interface. Massive diffusion from Al toward W
particulates results in the expansion of the diffusion zone and porosity in the
Al matrix phase (Kirkendall effect).
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Figure 5.3 Microstructure of m-80Al20W compacts heated with different temperature
profiles (b1, b2 and c2 in figure 5.2).

Effect of the diffusion distance

Figure 5.4 The composition identification and microstructures of PCPed m-80Al20W
(a) and n-80Al20W (b). The reinforcement phases 1→4 present in the inset in (a) are
W, Al4W, Al12W and Al.
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Precursors with different particle sizes (m-80Al20W and n-80Al20W) were
sintered via PCP at 550 °C. It can be seen from the microstructure and
composition identification that the m-80Al20W PCPed Al-MMC consists of
W, Al4W and Al12W dispersed in the Al matrix (Figure 5.4a), whilst the
PCPed n-80Al20W experienced nearly complete phase transformation, with
Al4W as the dominating phase along with trace amount of Al5W and unreacted
W (Figure 5.4b).

Figure 5.5 Schematic of the diffusion controlled mechanism in Al-W system. The
diffusion path is decided by the particle size.

As described in Figure 5.5, complete phase transformation is achieved
when the Al and W atoms travel for a “core to core” distance, which is the sum
of the radii of two particles. The minimum diffusion distance that is required
for complete phase transformations was reduced from >1 μm down to 70 nm
by replacing micro-sized elemental Al and W particles with nano-sized
particles, which promoted the diffusion process and led to higher content of
intermetallic compounded formed in the final material. Compare to other
parameters that could affect the diffusion process such as sintering conditions
such as temperature, pressure and sintering time, reducing the particle size is
proved to be more essential in terms of controlling the phase transformation
process.
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5.2. Project 2: High-entropy B 4 (HfMo 2 TaTi)C ceramic
Quaternary HEC - (HfMo2TaTi)C
PCP sintered (HfMo2TaTi)C with different particle sizes

Figure 5.6 XRD patterns of (HfMo2TaTi)C sintered from precursors with different
particle sizes

Quaternary HEC composite processed from equimolar refractory carbides
HfC, Mo2C, TaC and TiC with different starting particle sizes show similar
phase composition with characteristic FCC structure diffraction data according
to the XRD results (Figure 5.6). Based on the discussion in the 80Al20W
project, it is found that the “particle size determines diffusion distance and
thereby significantly influence the process of phase evolution” theory is not
applicable for high-entropy materials due to the complex diffusion process in
the multicomponent system.
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Figure 5.7 X-ray diffractogram and microstructure of PCPed quaternary 4-HEC(++)
(HfMo2TaTi)C

The scanning electron microscope (SEM) image of the 4-HEC(++) in
Figure 5.7 a reveals two phases in the microstructure (Figure 5.7a). The bright
phase represents a Ta-rich phase, while the other phase contains elements from
all four precursors (Hf, Ta, Ti, Mo and C), i.e. quaternary HEC phase (details
about EDS quantitative results, see Paper II). Although the XRD pattern in
Figure 5.6 suggests that the material has single-phase FCC structure,
overlapping of two FCC diffraction patterns is observed at all the diffraction
peaks (kα2 diffraction is already striped). An example of the overlapping at
2θ=35 ° is shown in the insert in Figure 5.7b. Combining with the
microstructure results, it can be concluded that the obtained quaternary highentropy phase has FCC crystal structure with similar lattice parameters with
TaC. It has been reported that, the solubility is complete between each of three
constitutional carbides HfC, TaC and TiC43, and TaC has the lowest metal
vacancy formation energy among these three FCC structured carbides28. It is
therefore extrapolated that TaC is the host lattice during the diffusion process,
and the Ta-rich phase which contains less amount of the solute elements is an
intermediate product of the phase transformation toward high-entropy phase.
With Mo2C having hexagonal crystal structure and the other three carbides
exhibit FCC structure, the results proved the possibility of forming highentropy phase from ceramic compounds with different crystal structures.
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Quinary HEC - B4(HfMo2TaTi)C
PCP sintered B4(HfMo2TaTi)C with different particle sizes

Figure 5.8 The microstructure and EDS analysis of HEC(++) B4(HfMo2TaTi)C

The addition of B4C in the quinary high-entropy ceramic is aiming at
addition of B as non-metallic element to process a high-entropy ceramic
containing two nonmetal elements. And, the recent reports have shown the
formation of high-entropy ceramic containing either C or B as nonmetallic
elements. Moreover, the DFT calculation showed that it is possible to process
a high-entropy alloy system containing two non-metal elements (see Paper III).
The sintered HEC(++) compact with coarse starting particle recipe displays at
least three phases in Figure 5.8b. Except for the Ta-rich phase (brightest
region) that is present in the microstructure, the PCPed HEC(++) contains two
high-entropy solid solution phases with different elemental compositions. The
bright phase (Figure 5.8a), according to the EDS analysis on selected areas,
has lower content of Hf, Mo and Ti than the dark phase, while an intensive B
peak was detected in the darkest phase shown in Figure 5.8c. Therefore it is
assumed that the dark phase experienced more intensive diffusion process
during sintering.
The XRD results (Figure 5.9) shows the HEC(++) sample contains FCC
and HCP structured components. We assume that it refers to the component
with less lattice distortion and therefore probably remained the FCC crystal
structure, which is similar with the high-entropy phase sintered from the fourcomponent system. The FCC diffraction pattern in the XRD result is a
combination of the Ta-rich phase and the FCC structured high-entropy phase.
Meanwhile, the HCP structure corresponds to the other high-entropy phase
that contains higher amount of B.
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Figure 5.9 XRD patterns of B4(HfMo2TaTi)C sintered from precursors with different
particle sizes

The microstructure of quinary HEC(fine) and HEC(+) in Figure 5.10 show
the present of two dominating phases. EDS analysis on selected areas suggests
that both phases are high-entropy solid solutions and the dark region contains
higher amount of B. The volume fraction of the B-containing dark phase in
HEC(fine) and HEC(+) increased significantly compared with HEC(++),
implying that reducing the particle size of HfC, Mo2C and TiC can remarkably
promote the phase transformation process towards quinary HEC. However, the
effect of reducing TaC particle size is negligible on the final composition.

Figure 5.10 microstructure of HEC(fine) and HEC(+) B4(HfMo2TaTi)C
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Pressureless sintered B4(HfMo2TaTi)C

Figure 5.11 Pressureless sintered B4(HfMo2TaTi)C exhibits BCC structure.

Another approach of processing has also be applied to synthesis
B4(HfMo2TaTi)C. Based on previous results, finest starting powders were
utilized for the sintering to promote the phase evolution to quinary HEC. Due
to the absence of pressure applied during the processing, the microstructure of
B4(HfMo2TaTi)C has high porosity and shows skeleton structure throughout
the whole sample (Figure 5.11a). Phase identification of the B4(HfMo2TaTi)C
ceramic shows the pressureless sintered B4(HfMo2TaTi)C has BCC crystal
structure with a lattice parameter of 3.28 nm.
Pressure induced crystal structure change is commonly seen in
conventional alloys such as steel, and has also been reported in metallic HEA
system has been reported44. It is undoubtable that the pressure difference is a
highly influencing factor in terms of phase formation. However, the complex
covalent bonding condition makes the phase formation rule in current highentropy ceramic system unclear and unpredictable.
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High-entropy B4(HfMo2TaTi)C ceramic and SiC composite
Microstructure and phase identification
With the possibility of forming single-phase solid solution from HfC,
Mo2C, TaC, TiC and B4C being proved, another refractory carbide SiC was
added to improve the oxidation behaviour of the composite. The PCP sintered
high-entropy ceramic (HEC) composite consist of two phases. In the
microstructure shown in Figure 5.12, the dark phase refers to coalesced SiC
whiskers and the bright phase contains uniform distributed Hf, Mo, Ta, Ti, B
and C atoms, according to the energy dispersive spectrometer (EDS) and
wavelength dispersive spectrometer (WDS) results. This suggests that the
starting materials HfC, Mo2C, TaC, TiC and B4C formed single phase solid
solution and SiC was not involved in the phase transformation.

Figure 5.12 The microstructure of the PCPed HECs composite and compositional
analysis results from EDS mapping and WDS analysis.

It can be seen from Figure 5.13a that the crystal structure was identified to
be hexagonal close packed (HCP) with lattice parameters of a=0.307 nm and
c=0.330 nm, using x-ray diffraction (XRD). The selected area diffraction
(SAD) pattern of the HEC phase is shown in Figure 5.13b. Additionally, the
lattice strain of the individual planes of the HCP structure was calculated by
the Wilson equation. As a result of containing The result shows that the HEC
phase has the highest strain of 13.2% for plane (103) and an average strain of
8.26%, which is much higher than conventional high-entropy alloys
(approximately 1-2%). The high lattice strain rises from the vast difference of
the atom sizes among the compositional carabids, especially between metal
atoms (Hf, Mo, Ta and Ti) and nonmetal atoms (C and B).
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Figure 5.13 The phase identification of the HEC composite from XRD and SAD show
that high-entropy ceramic composite has hexagonal crystal structure.

Diffusion induced phase transformation

Figure 5.14 The inter-diffusion of carbon in a rock slat crystal structure45

In metal carbide lattice, the self-diffusion of metal atoms and carbon are
independent of each other29. The metal atoms migrate to metal vacancies while
carbon atoms migrate to a tetrahedral position before they jump to a carbon
vacancy (Figure 5.14), meaning that the activation energy of carbon diffusion
is lower than that of metals45. Therefore we extrapolate that during the
formation of HEC, the metal atoms diffuse in the fcc close-packed plane (111),
while carbon and boron were rearranged in other planes.
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Table 5.1 The summary of crystal structure information of the components and the
calculated lattice difference δa’

Component

Crystal
structure

Niggli-reduced
cell volume
(nm3)

Lattice
parameters
a (nm)

Lattice length at
the close-packed
plane a’ (nm)

HfC

FCC

0.02497

0.4640

0.3281

TaC

FCC

0.02211

0.4442

0.3141

TiC

FCC

0.02024

0.4315

0.3060

Mo2C

Hexagonal

0.03676

0.3000

0.3000

B4C

Rhombohedral

0.10950

0.5600

When FCC carbides (HfC, TaC or TiC) acts the host lattice43, the resulted
high-entropy solid solution should have the same lattice structure with similar
lattice parameters. However, the experimental XRD data shows that the
fabricated HEC phase has a HCP structure with a lattice parameter of a=0.307
nm. It suggests that the phase transformation from multiple carbide
components toward single phase HCP structured solid solution is more than
simple substitutional and interstitial diffusion of the atoms which has minor
change in the final lattice structure.

Figure 5.15 The relationship of the lattice parameters when the close-packed plane in
FCC (111) and HCP (001) are equated.

Notably, the sintered HEC phase has similar cell volume 0.0269 nm3 with
the FCC carbide, suggesting that the additional process apart from diffusion is
the stacking sequence change from “ABCABC” (FCC) to “ABABAB” (HCP),
i.e., the lattice structure change. As the metal atoms diffuse on the FCC closepacked plane (111), by equating the (111) close-paced plane in FCC with the
(001) close-paced plane in HCP, the new lattice parameter a for the assumed
HCP lattice is (𝐻𝐶𝑃) = √2𝑎(𝐹𝐶𝐶)/2 , as shown in Figure 5.15. The average
value of the converted lattice parameter of three FCC carbides (HfC, TaC and
TiC) is 0.316 nm, which closely matches the experimental result 0.306 nm.
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Crystal structure prediction
Based on the lattice structure and parameters from the experimental data,
XRD patterns are simulated by positioning compositional atoms in the
hexagonal lattice accordingly. In Figure 5.16, the lattice filled with metal
atoms show closely matched XRD pattern with the experimental data, except
for the lack of intensity at the plane (101). The difference of the diffraction
intensity reduces after placing C and B atoms at the position
(x,y,z)=(1/3,2/3,1/2) and (2/3,1/3,1/2), shown in Figure 5.16d, suggesting that
the HEC phase has an alternating layer structure in the HCP lattice with C/B
hexagonal-shaped 2D grid in the (002) plane and metal atoms occupying the
(001) plane.
Despite the vast difference in the crystal structures and lattice parameters,
the six different carbides HfC, Mo2C, TaC, TiC and B4C formed single phase
HEC solid solution. One of the assumptions is that, TaC acted as the hosting
lattice for other carbides. On the other hand, in aforementioned discussion, for
carbides with rocksalt structure, metal atoms and nonmetal atoms diffuse
independently in their own sublattices. Thereby metal atoms only migrate
along the (111) plane, resulting in alternating layer structure in the fabricated
HEC lattice.

Figure 5.16 Theoretical lattice structure for HEC phase derived from the experimental
XRD results.
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Mechanical properties

Figure 5.17 The properties PCPed HEC composite. (a) Oxidation behaviour at 900 °C
for 50 hours, (b) Heat resistance to liquefied petroleum gas (LPG) for 20s, (c)
Nanoindentation and (d) The wear resistance test.

Figure 5.17a shows that after being exposed at the temperature of 900 °C
for 50 hours in air, the weight change of the B 4(HfMo2TaTi)C composite was
negligible, suggesting good resistance to oxidation of the HECs composite.
The XRD patterns of the HEC composite after being exposed to liquefied
petroleum gas (LPG) torch for 20s (flame temperature 2000 °C) in Figure
5.17b shows formation of trace amount of metallic oxides, HfO2 and TaO2.
Both measurement strongly suggest that the PCPed B 4(HfMo2TaTi)C
composite has remarkable oxidation resistance.
The B4(HfMo2TaTi)C phase shows a hardness of 35.4 GPa (Figure 5.17c)
and a Young’s modulus of 472.4 GPa according to the nanoindentation test.
The result is 48% higher than the theoretical hardness (23.2 GPa) calculated
using the mixture rule, due to the severe lattice distortion which contributed to
the mechanical properties by strain strengthening mechanism. The PCPed
B4(HfMo2TaTi)C composite shows good wear resistance with a consistent
coefficient of friction (COF) of 0.5.
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6. Concluding remarks and future work
6.1. Summary of results
This thesis work involves two projects.
The first project is related to the fabrication of a particulate tungsten
aluminides/W reinforced Al-MMC. The formation mechanism of
intermetallics during the in-situ process was investigated.






PCP fabricated m-80Al20W contains two types of reinforcements.
One is W particulates with Al4W/Al12W dual-layers structure at
the interface between W and Al metal matrix and other is Al12W
particulates with a small grain size of 2-5 µm.
The study of solid-state diffusion process was performed by
analysing the microstructure and phase evolution of the 80Al20W
green compact under different temperature and with different
sintering time. The results confirmed that the formation of
intermetallics is initiated by solid-state diffusion. Increasing the
sintering temperature and prolonging the sintering time can to
some extent promote the formation of intermetallics.
Compared to sintering conditions such as sintering temperature
and isolated time, the particle size of the starting materials plays
an essential role in controlling the phase transformation toward
intermetallic compounds. The decrease of particle size reduces the
diffusion distance required for complete reaction, therefore
significantly promotes the phase transformation from elemental Al
and W to AlxW intermetallics.

In the second project, we studied the phase evolution of the high-entropy
ceramic B4(HfMo2TaTi)C, and consequently designed and fabricated the
ceramic composite with single-phase high-entropy ceramic B4(HfMo2TaTi)C
and SiC.






Quaternary HEC (HfMo2TaTi)C solid solution shows FCC crystal
structure. The addition of B4C can tune the structure to BCC or
HCP depending on the pressure applied during sintering.
The high-entropy B4(HfMo2TaTi)C ceramic in the six-component
composite exhibits hexagonal close packed (HCP) AlB2 structure,
with metal atoms and nonmetal atoms (C/B) occupying (001) and
(002) planes respectively.
During the formation of the B 4(HfMo2TaTi)C ceramic, TaC lattice
is likely to act as the host material as Ta has the lowest vacancy
formation energy compared to other metal atoms. Metal atoms
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and nonmetal atoms diffuse independently in two sublattices,
resulting in alternating layer structure in the HCP lattice. However
the exact atom distribution on the (002) C/B grid is difficult to be
determined.
The fabricated high-entropy ceramic composite shows excellent
physical and mechanical properties, including high hardness (35
GPa), and good oxidation resistance against both mild and
elevated temperatures.

6.2. Future work
For future work, the focus of the thesis will be on the formation mechanism
and the potential applications of the high-entropy ceramic B4(HfMo2TaTi)C.
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Systematic study of the phase formation pattern will be
established and executed to investigate the pressure induced
structure change in high-entropy B4(HfMo2TaTi)C ceramic.
Considering the potential of the high-entropy ceramics with
superior mechanical properties, the current findings in
B4(HfMo2TaTi)C ceramic can be extended a broader system by
replacing the constituent carbides with other refractory carbides
such as NbC and CrC.
The fabricated HECs shows high hardness and good oxidation
resistance, suggesting that they are excellent candidates as
reinforcement particulates for the metal matrix composites.
Pressureless sintered HEC powders will be incorporated with
ductile metal matrix such as Al.
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