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INTRODUCTION

Ceramic matrix composites (CMC) and hardmetals are materials with a great
potential and very wide application area. CMCs are widely used in almost all
areas of our daily life because of unique combination of hardness and
toughness; therefore, they are commonly used in tribo-applications. Hardmetals
represent the materials with large content of hard phases bonded together by
binder metal and mostly used in situations where wear resistance is of
paramount importance. Wear is an area, which needs to be constantly developed
and thus already functioning materials need to be improved. Materials selection
and development of novel grades as well as design of proper technological
process for their manufacturing is a major focus for modern industry. The need
for composites of high performance is ever growing due to their ability to
increase the overall productivity and improve energy efficiency in different
applications.

The motivation for the research is the urgent need in a knowledge-based
design, development and processing of the industrially applicable materials for
decreasing losses related to wear.

Advancement in mechanical and wear resistant properties of the existing
materials can be achieved by introducing the additional constituents into the
composition of the material. Zirconium dioxide (ZrO,) is considered as a
versatile material being studied today. It has properties that can influence the
behavior of already known materials, if it is added in right proportions and
composite is produced under needed conditions.

Traditionally, CMCs are produced with the help of powder metallurgy (PM)
routes. PM allows fabrication of novel materials components with near net
shape, intricate features and good dimensional precision pieces, which are often
finished without the need of machining [1]. PM technique gives a number of
process variables to improve the materials properties and mechanical behavior.
The most important processes used in PM are mixing, pressing and sintering.
Sintering is considered the most important and complicated operation. There are
different approaches for sintering and each has a significant effect on a final
product. Therefore, the technological goal of the study was to select a process
and a proper routine for consolidation of CMC and hardmetals with zirconia
additives.

The objective of this study is to develop and fabricate the ceramic-based
composites of increased indentation fracture toughness (IFT) and reliability by
incorporating sintering additives that simultaneously serve as toughening
reinforcing components.

To achieve the goal, different consolidation techniques were exploited
including such routines as hot isostatic pressing (HIP) and spark plasma
sintering (SPS).
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ABBREVIATIONS

ANF — Alumina nanofiber

ATZ — Alumina toughened zirconia

AZ — Alumina-zirconia composite

BPR — Ball to powder ratio

CMC — Ceramic matrix composite

FT — Fracture toughness

HIP — Hot isostatic pressing

HTC - High temperature composite

IFT — Indentation fracture toughness

LPS — Liquid phase sintering

PM — Powder metallurgy

PSZ — Partially stabilized zirconia

SEM - Scanning electron microscope

SPS — Spark plasma sintering

VPS — Vacuum pressureless sintering
XRD — X-ray diffraction

YTZ — Yttria stabilized tetragonal zirconia
Y-PSZ — Yttria partially stabilized zirconia
ZTA — Zirconia toughened alumina

wt.% — Weight percentage

kX — Thousand of times magnification in the SEM
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1 REVIEW OF THE LITERATURE

1.1 Ceramics and ceramic-based composite materials

Ceramics are chemical compounds of the metallic and nonmetallic elements.
Oxides, nitrides and carbides are the most common representatives of this group
of materials. In the mechanical behavior, ceramic materials are relatively stiff
and strong [2]. In addition, they are typically very hard but exhibit extreme
brittleness (lack of ductility) and are highly susceptible to fracture (Figure 1.1
made with CES edupack).
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Figure 1.1 Balloon graph of fracture toughness resistance against hardness for various
metals, ceramics, and composite materials

The progress in structural ceramics and CMCs requires the development of
new design methodologies to produce materials with improved fracture
toughness as it measures the resistance of a material to growth of a crack [3].

Among all mechanical properties, low resistance to fracture is considered as
one of the most problematic issue for ceramics limiting their application. There
are different ways to improve fracture toughness of ceramic materials. From
mechanical point of view, any energy dissipation during crack propagation will
reduce a driven force for crack growth. Mostly studied mechanisms for
improvement in crack growth resistance are [4-6]:

toughening by metal particles,
crack deflection toughening,
toughening by whiskers
micro-crack toughening,
crack bridging and
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e transformation toughening

Present research is concentrated on obtaining the mechanisms of
transformation toughening and toughening by whiskers. These mechanisms (as
well as toughening by metal particles) can be obtained by introducing additives
to the main composition, thus making it possible to vary the final parameters
needed for these mechanisms to occur. The transformation toughening is known
as a mechanism that emanates from the additional phase present in the main
material matrix. The widely known representative material of transformation
toughening is zirconia.

1.1.1 Zirconia

Transformation toughening is now well established mechanism for reducing
the brittleness of ceramics [7, 8]. The well-known examples are composites of
metastable tetragonal zirconia (t-ZrO) precipitates. Such materials represent
partially stabilized ZrO,, zirconia toughened alumina (ZTA) and tetragonal
ZrO; polycrystals (t-ZrO,). The factors controlling the metastability of t-ZrO,
particles leading to a "particle size effect" are [9]: (a) matrix constraint, (b)
chemical composition, (c) the nucleation barrier to transformation as well as (d)
stabilizer type, stabilizer amount, (e) grain size and grain size distribution, and
(f) residual stresses [10—12] etc. The mechanical properties of the composite,
i.e. fracture toughness, bend strength and thermal shock resistance, are
significantly improved by the interaction of propagating cracks with ZrO»
particles. The stress field at the crack tip nucleates the tetragonal to monoclinic
transformation in the metastable particles which then undergo a volume increase
(Figure 1.2). Some of the crack energy is dissipated in nucleating the
transformation. The transformed particles near the edges or tip of the crack
exert constraints in crack vicinity. This is responsible for the behavior of the
materials, in which the toughness increases with increasing length of the crack
[10].
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Figure 1.2 Schematic representation of stress-induced tetragonal-to-monoclinic
(martensitic) phase transformation of zirconia [3]
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The transformation crystallography of confined ZrO, particles has been
examined both experimentally and theoretically [13-19].

Transformation toughening of materials based on the martensitic phase
transition in ZrO; systems has been widely studied [20] and results
demonstrated a potential for exploitation of stabilized tetragonal zirconia as a
toughening agent in different ceramic matrices. Incorporation of potential crack
growth inhibitor into the hardmetal matrix with a smart fabrication technology
gives a solution for the production of the material with improved tolerance to
impact loading.

Tetragonal to monoclinic phase transformation and associated volume
change of ZrO, is one of the challenges when it is used to modify ceramic
matrixes. Thermal residual stresses during sintering process and/or high
temperature loads are the most critical parameters influencing transformability
of tetragonal ZrO; particles located in the carbide material matrix. Wide variety
of experiments have been made on zirconia as a toughening component with
other ceramic materials, including TiB,, TiC, WC, ZrC and others [21].

1.1.2 Hardmetals

WC-Co material is widely used in industrial applications. The variety of
WC-based materials is used in a broad range of applications, including metal
cutting, mining, construction, rock drilling, metal forming, structural
components, and wear parts.

Conventionally hardmetals are produced under liquid phase sintering
conditions with cobalt as a binder phase. However, a cheaper and of same or
higher quality substitutes for cobalt can be introduced into the WC-based
hardmetals as a binder material. Some studies have been performed in order to
find the satisfactory alternative binder [22-25]. It has been shown that using Ni
as a binder increases resistance to oxidation and corrosion while mechanical
properties of the WC-Co composites are slightly higher [26, 27]. Therefore, Ni
is used in this study as a binder for WC-based hardmetal.

It is a well-known fact that the homogeneous distribution of phases in
composites is a half the battle for designed mechanical, tribological and other
properties of multi-phase materials. The structures of hardmetals are optimized
for different applications by varying the binder content as well as the
composition and grain size of the hard phases [28-30]. Submicron
microstructures in WC-Co materials can be achieved by adding some small
amounts of tantalum carbide (TaC), niobium carbide (NbC), vanadium carbide
(VC), or chromium carbide (Cr3C;) with VC being the most efficient for grain
growth hindering and Cr3;C; also adds enhancement to the mechanical properties
[31-34].

13
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The carbon content in WC-Co hardmetals plays a great role and must be
controlled within the narrow limits [35, 31]. Excessive carbon amount results in
the appearance in the microstructure of free and finely divided graphite (Figure
1.3 a), which is classified as C-type porosity [36]. Deficiency in carbon amount
during formation of WC composite, results in the formation of a series of
double carbides such as CosW3sC or CosWsC. These formations are called n-
phase (eta-phase), which are unfavorable because of their high brittleness. The
n-phase can be seen in Figure 1.3 b.

The additive carbon content does not only take part in elimination of n-phase
while it also influences the growth of WC grains if its amount is increased [37].
However, the carbide grain growth in the WC-Co structures is dependent on the
sintering technique used for the production of the material.
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Figure 1.4 Graphs representing a) fracture toughness and b) hardness dependences on
the Co content and grain size in the WC-Co hardmetals [38]
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Figure 1.5 Erosion wear as a function of Kic'* H*%. Compositions and sintering
temperatures are indicated [39]

All stated microstructural and compositional parameters, such as grain size
and presence of eta-phase, affect the mechanical properties of the bulk
materials. Figure 1.4 represents dependence of hardness and fracture toughness
on the grain size and the cobalt content of the produced hardmetals. Erosive
wear as a function of both fracture toughness and hardness of the product is
represented in Figure 1.5 [38—40]. Therefore, properties of these materials are
synergistic and are influenced by the fabrication method.

Even though, hardmetals and especially WC-Co have proved their unique
properties for almost a century there is still a tendency to develop and improve
its” mechanical and wear behavior. In recent decades, research interests have
been focused on improvement of composites reliability and durability [41-45].
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Zirconia additive to the WC-based composites is leading to a lower hardness
while retaining the composite properties under high temperature and oxidative
conditions [46]. Zirconia is not capable to provide the same ductility as a
metallic binder; however, its unique toughening capability can provide an
increased fracture toughness and, if some minimum amount of metal binder is
left in the composite, it can provide the composite with some additional
ductility as well.

1.1.3 Ceramic matrix composites

The fracture toughness of the CMCs is being developed constantly and there
has been a significant improvement in this area because of new types of CMCs,
which are based on particulates, fibers, or whiskers of different ceramics added
to the matrixes of other ceramics. As a result, some of CMCs have improved
their fracture toughness to the values of 70 MPa-m'? (e.g. Nextel720).

1.1.3.1 ZrC-based ceramic matrix composites

Some of the CMCs constituents are refractory materials with high melting
points of up to 3000 °C and high hardness due to the strong covalent bonding of
their atoms. The number of the materials with melting point as high as 3000 °C
is very limited and one of them is zirconium carbide ZrC.

Zirconium carbide (ZrC) belongs to a class of high temperature ceramics and
meets all of the HTC requirements. Zirconium carbide exhibits high hardness
(~25.5 GPa) and modulus of elasticity (350-440 GPa) as well as high electrical
conductivity (resistivity 78 x 10"® Q-cm) combined with a high melting point at
about 3440 °C. Representatives of HTC group of materials, including ZrC, are
not commonly found in nature. There are different ways of synthesis of such
kind of materials; and depending on the production technique used the quality
of the final powders can be different [47—49].

Due to the high melting point and strong covalent bonding between atoms of
ZrC, it is difficult to sinter this carbide with conventional techniques and
without additional pressure during sintering process. To improve mechanical
performance and increase sinterability of the structure and tolerance to loading,
special additives should be used. Among mostly studied ZrC-based composites,
there are ZrC-Mo refractory hardmetals and ZrC-ZrO, composites produced by
different routines [50-53]. Sciti et. al. [52] prepared ZrC with different MoSi,
additives and sintered those with the help of SPS. Densities close to the
theoretical one have been obtained, Figure 1.6.

16



a 1.0 = —
v v P
* o
0.98 - A
2
2 096 A
[
3 /
2 A
§ 0.94
Q
(4
0.92 —&— ZC
—&— ZrC + 1vol% MoSi2
—A— 7rC + 3vol% MoSi2
L4 —w— 7ZiC + 9vol% MoSi2
0.90 T T T T T
1700 1800 1900 2000 2100 2200
Sintering temperature, °C
141 m zc
134 @ ZiC + 1vol% MoSi2
12] A Z1C + 3vol MoSi2
£  ZiC + Yvol% MoSi2
£ 11
g
o 9]
£
5 °
§ | i ¢
o 6
= § 1
51 1,4
4] .. +Y
3 v Y Y
1700 1800 1900 2000 2100

temperature [52]

Fracture Toughness (MPa*m"?)

Sintering Temperature, °C

Figure 1.6 Dependence of the a) relative density and b) mean grain size on the sintering

7 4 -
IS S
1 rd
6 a | .7
T rd
[ .
54 ¥
I e
e v
44 A i rd & ‘
J. g -
34 o
Rl = HIP ZrC-Mo
2] ] ’ A  Hot Pressed ZrC
T Pid A AIN-Mo
- < v Mullite-Mo
14 «© — — -Rule of Mixtures
0 10 20 30 40
Vol% Mo

Figure 1.7 Fracture toughness values for different materials, including ZrC-Mo

composite [53]

17



Sintering of ZrC with different amounts of Mo by hot isostatic pressing
resulted in densities close to theoretical. Fracture toughness increases with
increasing in Mo content, Figure 1.7 [53].

One of the examples of zirconia content influence on the toughness of ZrC
ceramic composite is depicted in Figure 1.8a [51]. It has been shown that with
increasing content of zirconia in ZrC—ZrO, structure, the fracture toughness of
ZrC-based composite also increases. The hardness of ZrC—ZrO, composite also
increases with increasing ZrO; content. The main reason for a higher hardness
of ZrO,—added CMC in comparison with pure ZrC is internal porosity of the
undoped ZrC.
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Figure 1.8 Graphs of the ZrC-ZrO, representing a) fracture toughness measured by
notched beam increases with increasing zirconia content reaching a maximum value of
5.8 MPa m'? at 40 wt.%. and b) hardness, Vickers (---) and Knoop (-) hardness
techniques, (®,®) Specimens containing Type B ZrO,, ball milled and pressed. (V)
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In other study ZrC was combined with TiC in order to improve the
sinterability of ZrC. The composite was sintered with SPS technique to obtain
material of high hardness. It was revealed that this composite material improves
the elasticity modulus with increasing dwell time of sintering for the SPS
technique (Figure 1.9).
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Figure 1.9 Effect of sintering parameters on ZrC-25 vol.% TiC composite properties
[IX].
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1.1.3.2 Alumina nanofibers added zirconia

One type of composite materials acting under crack bridging and crack
deflection mechanisms is called whisker reinforced ceramics in which fiber like
particles of some other ceramic material are used for reinforcement of the base
ceramic [54, 55]. The main aim of the whisker reinforced ceramics is dedicated
to the high strength and stiffness with an advantage in weight over many other
groups of materials. Even though, the widely known whiskers to be added to
ceramic matrix are SiC or Si3N4 more new ceramic whisker types come into
play.

Alumina nanofibers (ANF) have been recently developed [56—58]. They can
be seen on Figure 2.1. The diameter of the alumina fibers varies between 7 and
40 nm. Due to nanosize, they have a large surface area and highly
agglomerated. Therefore, it is a challenge to provide accurate dispersion of the
nanofibers throughout the matrix. The fibers are thermally stabile at
temperatures of up to 1100 °C after which gamma phase may undergo
transformation into alpha phase following by fibers decomposition into particles
[58]. This property makes these fibers useful for refractory applications, at the
same time making them difficult to produce dense ceramic composite material.

Zirconia toughened alumina ZTA is a widely known ceramic composite
material. This material main constituent is alumina, which contains different
amounts of zirconia. Zirconia is added into alumina as a sintering aid to increase
sinterability of the composite and as a toughening agent (for increasing of the
fracture toughness) [59-61]. Noted for their mechanical properties, composites
are commonly used in structural applications, such as cutting tools, grinding
media and in many medical applications. However, there are cases where
zirconia is used as the main phase and alumina is serving as a doping additive
for increasing properties [62]. In this case, the composite is called alumina
toughened zirconia (ATZ).

Using new approaches for well-known materials compositions is always of a
scientific interest. This approach can consist of a new production technique or
an improved type of the same material or in using different design of the
microstructure, or this approach can be a combination of all of the named
methods. One of the approaches is based on introduction of a novel type of
alumina nanofibers into the zirconia matrix as a toughening agent. Therefore,
material containing both zirconia and alumina fibers should act under several
toughening mechanisms when fracture conditions are applied.

Conventional sintering temperature for obtaining near full density material
from nanosize zirconia and alumina is in the range from 1300 to 1500 °C. This
is a challenge for production of material which transforms at 1200 °C and
nonstandard, pressure-assisted sintering technologies, such as hot press (HP) or
SPS could be used [63]. It has already been shown that nanosized aluminum
oxide can be sintered at temperatures as low as 1225 °C and that SPS
technology does significantly decrease the densification temperature and dwell
time, especially if precursor powders are of nanoscale [64].
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1.2 Consolidation techniques

It is well-known that properties of the fabricated product are strongly
dependent on the number of input parameters, such as quality of the precursor
material (including purity, production method and grain size), addition of grain
growth inhibitors and other dopants for controlling unwanted phases formation,
fabrication method and so on [65]. Numerous attempts have been made to study
a phenomenon of densification and influence of sintering parameters on the
final product. However, any novel grade requires specific conditions of
sintering and precursor powder preparation including powders mixing, drying,
plasticizing and pressing [66—68]. Sintering is a core operation for formation of
the final product by PM routines. Depending on sintering technique and
parameters of the sintering process, the properties of the output part can widely
vary.

There are many different sintering techniques used in PM, which can be
divided into 2 big groups: continuous and batch furnaces. The batch furnaces
can also be divided into 2 sub-groups, which are schematically depicted on
Figure 1.10. As pressure plays a great role in production technology of full
density powder materials and products, especially ceramic products, it should be
represented as a separate group.

Batch sintering

/\

Pressureless sintering Pressure assisted
methods sintering methods
Ambient Vacuum | | Inert gases Pressurized Pressurized in
environment atmosphere| [mechanically a substance
v v
e.g. Hot e.g. Hot
Pressing (HP) Isostatic
Pressing (HIP)

Figure 1.10 Schematic representation of the batch sintering processes
1.2.1 Pressureless sintering

One of the easiest and cheapest PM consolidation methods is sintering of the
compacted green bodies in the ambient environment by applying the heat
produced by resistance heaters. However, this method can be used only for
certain type of materials — mostly oxides, because of air substances can react
with most materials at high temperatures. In cases different from sintering of
oxides, vacuum or protective environment, such as argon, should be used in
order to prevent oxidation and degradation of materials.
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Due to high surface energy of the powder particles they seek to decrease
their free energy. When the speed of the atoms diffusion is increased by heat,
particles reduce their energy by merging with each other and forming single
particle. This explanation describes sintering process in common and mostly for
solid state sintering. The sintering of at least two components, in which one has
lower melting point than another, and sintering temperature is higher than this
component’ temperature is called liquid phase sintering (LPS) [69].
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Figure 1.11 Representation of atoms diffusion mechanisms during sintering process
[63]

Sintering occurs when atoms start to diffuse through the microstructure. This
diffusion is caused by gradient of chemical potential. Some paths for transport
of atoms during sintering are schematically represented in Figure 1.11.

Sintering of hardmetals and CMCs is often done using pressureless sintering
techniques [70, 71]. However, pressureless sintering is a slow process where all
the reactions flow naturally by the influence of heat mainly and sometimes
require high temperatures and sintering additives for the near-full densification
of the high melting temperature ceramics, which in some cases can deteriorate
the properties or lead to the grain growth of the final product [72].

To provide the best interaction between the particles, they have to be
compacted to the highest green density before introducing them into the heated
furnace. This can be done by cold compaction techniques: uniaxial die
compaction, cold pressing in rigid dies or cold isostatic pressing; and by hot
compaction techniques such as hot pressing and hot isostatic pressing. Since the
hot compaction techniques produce the final product, they are considered as the
separate consolidation processes. Unlike the cold compacted—pressureless
sintering methods, in the hot compacted—pressure assisted sintering the pressure
is applied during the whole process or partially depending on the designed
cycle.

1.2.2 Hot isostatic pressing

Hot isostatic pressing (HIP) technique plays an important role in
development of ceramics and CMCs. The process consists in applying the high
pressure and high temperatures, which may be applied simultaneously in a
specially constructed vessel. High temperature and high gas pressure applied to
workpiece result in fully isotropic material properties [73—75]. It is also a near-
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net shape process, which gives an ability to produce complex shape products
and thus gives advantages over other pressure assisted techniques such as hot
pressing. Conditions of heat and pressure force internal pores or defects inside a
solid body to collapse and provide diffusion bond. Densification of the
encapsulated powder or pre-sintered components with HIP results in enhanced
mechanical properties and standard deviation of the properties [76].

HIP technique has been studied on the variety of different possible material
groups and compositions. One of the examples is a HIP sintered ZrC-MoSi,
composite [53]. The dispersion processing of SiC whiskers and particles, and
the mechanical properties of SiC particles and/or whisker-reinforced Al,O;
composites using HIP technology has been studied in [76]. Hardmetals can also
be produced by HIP in order to remove different internal defects so that the
maximum strength materials can be obtained.

Typical pressures and temperatures for production of different ceramic-
based materials by HIP are shown in Table 1.1 [53, 75, 76].

Table 1.1 Parameters for HIP sintering of different materials [53, 75, 76]

Material T, °C Pressure, MPa
AL O3 1500 100
ALO3/TIC 1935 150
ALO3/ZrO, 1500 200
SiC 1850 200
BsC 1850 200
WC/Co 1350 100
ZrC/Mo 1800 200
Y-PSZ 1350-1500 100
TiC 1900 90

1.2.3 Spark plasma sintering

Spark plasma sintering (SPS) or as it is sometimes also called FAST (field
assisted sintering technology) or PECS (pulsed electric current sintering) is a
pressure assisted sintering technology, which uses a DC pulsed current in a
range of 1-10 kA at 10—15 V and a high current intensity to heat up the powder
filled up in a graphite (or ceramic) die [77]. The environment is a low vacuum.
Pressure is applied by two graphite punches and a force is in the range of 50 to
250 kN. Current flows through the die wall, as well as through the powder and
is activating the peculiar heating mechanisms. Schematic representation of the
die construction and SPS process can be seen in the Figures 1.12 and 2.3.

22



Single powder
(densification)

E

Plunger

Multiple powders
(synthesis/
densification)

Figure 1.12 Representation of the SPS die [77]

The SPS process allows applying very high heating and cooling rates which
enhances the densification through the grain growth stimulating diffusion
mechanisms (see Figure 1.13). This allows maintaining the intrinsic properties
of the initial powders, when those are already fully densified. This sintering
technique is considered as a rapid sintering method, in which the heating power
is distributed over the volume of the powder compact homogeneously in a
macroscopic scale, but also it dissipates exactly at the locations in the
microscopic scale, where energy is required for the sintering process, even at
the contact points of the powder particles (see Figure 1.13) [63]. This fact
results in a favourable sintering behavior.

Partial s k
Heating _/- O . nn
"\)' - '(/-' Pulse Current

Figure 1.13 Energy dissipation on the microscopic scale [63]

23



Even though all sintering processes will influence the final product
depending on the parameters, in case of SPS this impact is more pronounced.

Heating rate is one of the important parameters of SPS that affects the grain
size and densification of materials. Usually SPS heating rate varies between 50
to 600 °C/min. High heating rates helps to obtain fine microstructure by
inhibiting significant grain growth. A number of studies have been done on the
impact of heating rate on the densification and microstructure of ceramic
materials by SPS [78, 79].

The sintering temperature is selected based on the melting point temperature
of the material to be sintered [77]. The source of heat production is from the
Joule heating produced by the pulsed direct current. Joule heating makes the
particle weld together under current passing through them.

Applying pressure together with temperature improves sinterability and
results in a better densification of the material. In the earlier stages of sintering
pressure helps in rearrangement of the particles and to obtain a compact
powder. This helps in eliminating porosity at initial stages of sintering. In later
stages of sintering, the applied pressure helps in densification of the material by
impacting the driving force of sintering. Xu et al. [80] studied the effect of
pressure rate on the densification of zirconia and reported that the rate of
densification improved with increase in rate of applied pressure.

Pulsed direct current used in SPS for sintering makes this technique
interesting for research as it gives a possibility to change the supply of Joule
heating very frequently during sintering cycle and to influence the final product
as the result. The impact of pulse variation on the densification of materials has
been studied [81]. However, studies indicate that the variation in the pulse rate
did not have any significant impact on the densification of materials by SPS.

SPS systems offer many advantages over conventional systems, such as hot
press (HP) sintering, hot isostatic pressing or atmospheric furnaces. Some of the
advantages include ease of operation and accurate control of sintering energy as
well as high sintering speed, high reproducibility, safety and reliability [63]. On
the other side SPS has also disadvantages if compared to pressureless or HIP
techniques. Those are mainly: problematic production of large size details
because of the difficulty in provision of high current intensity and high loads,
and impediment in production of net-shaped products, which is common
problem for the uniaxial pressing techniques. In addition, control of temperature
during SPS cycle is a problematic issue and temperatures measured on the die
surface can be significantly different from those at the sample [81]. This can be
an obstacle in production of materials with properties change at exact
temperatures. However, heating rates as high as 1000 °C/min and very high
cooling rates, due to the small heated thermal mass make this technique most
attractive.
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1.3  Objectives of the study

The overall objective of the work is to design oxides-containing ceramic-
based composites and to find and develop the most appropriate technological
method for their processing.

The main part of this research relates to improvement of sinterability and
enhancement of mechanical properties of commercially known ceramic
materials such as WC, A1,0s, ZrO,, and ZrC by using different additives and
different PM routines’ approaches (mainly sintering) and to reveal the best
combination of these variables for the given composite.

The main objective is to process the poreless ceramic-based composites with
a homogeneous phase distribution throughout the matrix with increasing
reliability of materials to resist fracture propagation. Increase of fracture
toughness is to be obtained by means of incorporation of tetragonal zirconia (t-
7Zr0,) as a toughening agent in brittle matrix or by introducing fibers into the
ceramic matrix.

Throughout the thesis the following technological and scientific sub-goals
are addressed:

- Design of the structures of ceramic-based composite containing oxides;

- Development and approval of sintering conditions and selection of the

best suited parameters for processing of the abovementioned composites;

- Comprehensive microstructural and mechanical characterization of the

materials.

To achieve the goals, the following activities have been performed:

- Studying the effect of the different sintering routines and sintering
additives on the process of densification of the composite materials and
microstructural parameters;

- Investigation the influence of sintering parameters, such as heating rates,
pressure, holding time and nature of heating, on the microstructure
development, transformability of tetragonal zirconia, mechanical properties of
composite, and their wear resistance, etc.;

- Analysis of materials fracture modes and mechanical/wear properties;

- Stating of general recommendations for parameters of technological
process and materials performance under loading.
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2 EXPERIMENTAL AND MATERIALS

2.1 Precursor materials and designed systems

Three main composite systems with different amount of constituents were
prepared for sintering with the help of different consolidation techniques. The
raw materials used are listed in Table 2.1 along with the description.

Table 2.1 Powders for composites preparation

Powder Particle size Purity = Designation Supplier
pm %
WC 0.9 >99.0 wC Wolfram GmbH
Ni 3.0-7.0° 99.7 Ni Hunter Chemical LLC
Zr0O; 0.025° 98.2 PSzZ TOSOH
C 6.5 100.0 KS6 TIMCAL
71C 352 99.0 7ZrC Strategic Metal Investments
ALOs  ©=0.040 100.0 y-phase Metahﬁé ou

a-suppliers data, b-measured data, ¢ - gamma-alumina nanofibers

Chemical composition of the designed materials is presented in Table 2.2.

WC-Ni material was added by ZrO, in order to study the influence of an
additive on the mechanical and tribological properties of the hardmetal. The
amount of 6 wt.% of ZrO, was assumed to be enough to distribute
homogeneously in the microstructure and to initiate transformation toughening
mechanism. The purpose of adding free carbon (C) to the WC-Ni-ZrO, was to
avoid formation of m-phase and compare the densification behavior of
composite in different sintering conditions using different techniques [37]. Also,
0.2 wt.%C added WC-Ni-ZrO, composite was added by 0.3 wt% of Cr,Cs in
order to reduce grain growth during sintering.

ZrC was added by zirconia in order to increase the fracture toughness of
brittle ZrC and to maintain all intrinsic to this material properties at most.
Another aim of adding zirconia to ZrC was to decrease the sinterability
temperature needed to produce dense material. Even though zirconia has high
melting point it can be fully densified at temperatures of 1350 °C or even lower
if appropriate technology is used, thus the overall densification temperature of
the composite can be decreased [I1I].

Two compositions were produced with 37 and 23 wt.% of ZrO, in order to
see the influence of zirconia addition on the behavior of ZrC.

In ZrO,-AlO3; composite, alumina nanofibers were added as a potential
reinforcement agent. The fibers as a raw material are shown in Figure 2.1.
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Table 2.2 Chemical composition of the designed composites (given in wt.%)

Grade WwWC Ni ZrC Zr0O: C AlLO3
WC-Ni-ZrO, 85.0-85.8 8.0 - 6.0 0.2-1.0 -
71C-7105 - - 77.0 23.0 - -

- - 63.0 37.0 - -
Z10,-Al,03 - - - 94.0 - 6.0

Figure 2.1 ANF precursor fibers on a) macro scale and b) nanoscale [82]

Since gamma-alumina nanofibers exhibit a phase transformation from
gamma to alpha polymorph at a relatively low temperature and their following
decomposition into the particle state, the idea was to sinter the composite at as
low dwell temperature as possible and to leave alumina in the state of fibers [58,
IV].

Firstly the alumina fibers were mixed with zirconia powder in amount of 40
wt.%. However, after mixing there were many bundles of fibers agglomerated
together in the blend. These compositions could not be sintered to the maximum
density. Therefore, 6 wt.% of ANF were added in order to produce a dense
material with the fibers distributed evenly throughout the composite.

2.2 Processing and methods

A standard PM procedure was used to produce the abovementioned
composite materials. The scheme of the procedure of production and testing of
the specimens is schematically depicted in Figure 2.2.

The raw powders were milled/mixed in a ball mill for different periods of
time, depending on initial grain size and production routine, dried and sieved.
Mostly, ZrO, and WC grinding media with a 10:1 ball to powder ratio (BPR)
were applied.

After milling, materials to be densified by vacuum pressureless sintering
(VPS) route, ambient environment or hot isostatic pressing technique were cold
compacted with the help of uniaxial press. The powders to be sintered with SPS
technique were introduced into the die of the SPS furnace for the hot
consolidation.
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Figure 2.2 Schematic representation of the materials preparation and testing procedure

2.3 Sintering

Composites were sintered by four routines. The VPS, HIP and SPS furnaces
used for sintering of the materials are shown in Figure 2.3. Vacuum sintering
was performed using the Red Devil furnace (RD WEBB COMPANY, Figure
2.3a) with a vertical located thermocouple and horizontally located pyrometer.
Temperatures higher than 1475 °C were measured with a pyrometer. HIP
sintering was done using the AIP-HIP 30H furnace (American Isostatic
Pressing, Figure 2.3b).

SPS sintering was performed with the help of two different furnaces: in
experiment with ATZ composites — Dr. Sinter, SPS-510CE (Japan) was used;
and in all other cases — FCT HP D 25-2 (Germany, Figure 2.3c). SPS furnaces
have a vertically located pyrometer temperature control and operating at
computer controlled regimes that allows data and sintering processes (such as
densification behavior, temperatures, electrical parameters etc.) analyzing. The
dilatometry sintering of the ATZ composite was done in a dilatometry
equipment (Setaram, TMA Setsys 16/18, France). Air sintering was done in a
XY-1200N sintering furnace (China).
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Figure 2.3 Sintering technologies and furnaces used in the study a) VPS; b) HIP; ¢)
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A number of experiments were done in order to find a successful consistency of the
components and processing parameters needed for stable specimens to be produced.
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In Table 2.3 the most appropriate processing parameters are presented.
Details on the experimental parameters can be found in the author’s
publications [[-1V].

Firstly, parameters for the sintering process were chosen theoretically taking
into consideration melting points of the compounds. After first experiments, the
set of parameters was chosen.

For the WC-Ni-ZrO, composite powders were sintered in an interval of
1350-1500 °C and different pressures up 200 MPa for conventional sintering
methods. For the SPS method 2 temperatures were tested — 1200 °C and
1275 °C. In case of 1275 °C the grain size of the WC and ZrO, particles started
to increase while density and other properties stayed on the same level.

Sintering temperatures of ZrC-ZrO, composite was varied between 1500—
2000 °C and the temperature of 1600 °C was chosen as optimal. Sintering at
higher temperatures does not result in better mechanical properties, while
requires higher energy consumption.

In case of ZrO,—ANF composite three different temperatures were studied
for the SPS cycle and temperatures equal or above 1300 °C for the other
sintering methods. The lowest sintering T °C had to be chosen in order to
maintain the ANFs in their fiber state.

Table 2.3 Parameters used for sintering of different materials

Heating Cooling Dwell

Composite Process rate rate T, °C time Prl\e/lsls)ure Environment
°C/min °C/min min a
VPS 10 natural 1450 45 5x10%  high vacuum
WC-Ni-ZrO>-C HIP 10 10 1450 45 200 Ar
SPS 100 500 1200 1 50 Ar
VPS 10 natural 1600 40 5x10°  high vacuum
ZrC-23wt.% ZrO,
SPS 75 300 1600 10 50 Ar
VPS 10 natural 1600 40 5x10°®  high vacuum
ZrC-37wt.% ZrO,
SPS 100 300 1600 10 50 Ar
. Alr. 10 natural 1300 ambient ambient
sintering 60
Zr02-Al203 1000 5
SPS 100 500 1100 5 50 N2
1200 5

2.4 Characterization of raw materials and produced specimens
2.4.1 Phase analysis and microstructure examination

Phase compositions of the powders mixtures and bulk samples were
analyzed with the help of two X-ray diffractometers (XRDs): Philips PW3830
X-ray Generator, 4 kW, Cu-Anode and Siemens Bruker D5005 analyzer with
CuKoa —radiation. Samples were irradiated with CuKa radiation at 40 kV and 30
mA, in a 6 — 20 scan with a step size of 0.02° and a count time of 0.4 s.
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Microstructures of the polished bulk surfaces were observed by the scanning
electron microscopy (Hitachi S-4700 and EVO Zeis) equipped with EDS.
Voltage of up to 20 kV and magnifications up to 20 kX and some cases up to
50 kX was applied for examination of the powders as well as polished and worn
surfaces. The samples were studied under different regimes, including
secondary and backscattered electrons modes.

2.4.2 Density and mechanical properties

The sintered density was measured by the Archimedes technique using
distilled water as the immersion medium.

Hardness was measured on the Indentec 5030 SKV Vickers hardness tester
with an indentation load of 10 and 20 kgf. The reported Vickers hardness, HV
10 and HV 20, for each composition is the mean of 10 indents.

Modulus of elasticity was measured using indentation modulus technique
with the help of hardness testing machine Zwick Z2.5 [88, 89]. The elastic
modulus of the material was determined from the slope of the unloading part of
the load — indentation curve obtained using the instrumented hardness
measurement method.

The indentation fracture toughness (IFT) approach was chosen as the easiest
and effective way to estimate comparative fracture toughness of the composites
[90]. The indentation fracture toughness was calculated from the length of radial
cracks emanating from the corners of the Vickers indentation imprints using the
Palmgqvist and median crack approaches [91]. Both of the crack systems were
used in order to observe the difference between two IFT methods. The
calculation methods were chosen on the basis of the studies in the field and IFT
[92-96]. The indenter was pressed into the specimens at a load of 10 kg, which
resulted in a well developed cracks formation on the studied surfaces. The IFT
definition c/a ratio (in which “c” is a half-crack length of a radial crack, and “a”
is a half-diagonal length of an indent) is less than 3 in most cases. This means
that a developed crack system may be considered as the Palmqvist system,
while median crack were also taken into consideration in some cases. The
surface cracks initiated by the indenter were measured using optical microscopy
that gives suitable contrast on the surface for accurate measurements of the
crack lengths. The reported values are the mean and standard deviation of at
least six indentations. It should be noted that the single-edge V-notch beam
(SEVNB) route provides more reliable values of the fracture toughness as
compared to the indentation fracture toughness, which often gives the
overestimated values. However, difficulties in the sample preparation limit
SEVNB method adaptability.

2.43 Erosive and abrasive wear testing

Erosion testing was performed with the help of conventional four-channel
particles centrifugal accelerator CAK-5m in accordance with the standard
method [97]. The principal scheme of the tester is provided in Figure 2.4. It has
a feeder for the constant and controlled supply of particles into the system, a
rotating disc which has four radial channels to accelerate the particles and a
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specimen holding system. During experiment, the sand particles were
continuously fed into the central hole of the rotor in which they were
accelerated through the radial channels by the centrifugal force and ejected from
the open end of the radial channels. The specimen targets are located around the
rotating disc in a holding fixtures that can be adjusted under different angles.
Silica particles traveling at velocities of 50-80 ms™ at a normal incident angle
were used as erodents in this study. The tests were conducted at room
temperature and the erosion rate was determined as volume loss of the target
material per mass of the erodent particles.

©264:0.5

Figure 2.4 Erosion tester for testing materials in abrasive particle jet: 1-specimen, 2—
erodent hopper, 3—shield, 4—rotor, 5—drive motor, 6-rotation speed gauge, 7-radial
channels

Three-body abrasive testing was performed using the rubber-rimmed rotary
wheel machine according to the modified ASTM 65-94 method with reduced
diameter of the wheel disk for testing small sized specimens and cutting down
expenses during development stage of a new material. Abrasion test results are
reported as volume loss in cubic millimeters per load and distance (mm’N"'m™)
for the specified test conditions and are summarized in Table 2.4. Wear tests
were repeated at least 3 times.

Table 2.4 Abrasive wear test parameters

Specification Description

Scheme Block-on-wheel

Wheel @ 80 mm, width 8§ mm, steel covered by
rubber

Abrasive SiO; , particle size 0.1-0.3 mm, HV 1100,
feeding rate 300 g/min

Circumferential I ms!

velocity

Number of rotations 1500

Force against 47N

specimen

Atmosphere Air, relative humidity 50+10 %

Temperature Room temperature
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3 PROCESSING AND PROPERTIES OF THE DESIGNED
COMPOSITES

3.1 WC-Ni-ZrO; hardmetal

3.1.1 Sintering features

Diagrams of the sintering cycles of the WC-Ni-ZrO; hardmetals are illustrated
in Figure 3.1
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Figure 3.1 Diagrams of the sintering processes a) VPS cycle, b) HIP cycle, ¢) SPS
cycle
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Minimum temperature of the SPS cycle was 250 °C lower as compared to
HIP and VPS routes and was 1200 °C. Dwell time at this temperature during
SPS cycle was 1 min. Because of great difference in sintering cycle time
between SPS and conventional sintering techniques, the impact on the
microstructure is very well pronounced. The grain growth inhibitors were not
added to some of the precursor powders in order to see the influence of the
sintering parameters on the microstructure formation.

3.1.2 Phase composition and microstructure

The XRD observation of the WC-Ni-ZrO, has revealed presence of so called
n-phase when no additive carbon was put into the precursor powder.
Observation of the specimen has shown a presence of Ni;W4C in HIP or
vacuum sintered samples (Figure 3.2a). This carbide phase has a high hardness
and is reported in various sources [31], which is known for X,W,C type of the
structures (X: Ni, Co, Fe, B etc.). Even though it has relatively high hardness,
presence of this phase is not favorable, because of extreme brittleness and
unpredictable behavior during testing. The formation of n-phase was avoided by
prescribed graphite addition. During the XRD studies of the produced
specimens the ternary carbon containing phases were not found. In addition,
XRD diagrams show presence of tetragonal zirconia in all cases whether
sintered by HIP, VPS or SPS.
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Figure 3.2 The effect of a) C content and b) sintering method on the composition
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Influence of the carbon content on the microstructure and grain morphology
as well as influence of sintering routes were examined by SEM. The images in
Figure 3.3 represent the microstructures of the materials with various carbon
contents and sintered with different techniques.

The carbon content in Figure 3.3a—d is 0.2-1.0 wt.% of C and the materials
were sintered by VPS. Figure 3.3e-h shows materials with the same carbon
content but obtained using SPS. The HIPed composites had similar
microstructure. The grain growth was observed for both WC and ZrO, particles.

The specimens with 0.2 wt.% C were doped by Cr3C; in order to inhibit grain
growth during sintering by HIP and VPS. As the result, the grain growth was
minimal as compared to other grades. If 0.4, 0.7 and 1.0 wt.% C added
microstructures to compare with 0.2 wt.% C added microstructure the difference
can be clearly distinguished. Grain size increases proportionally with additional
carbon. The coarsest grain size is for the 1.0 wt.% C added composite (Figure
3.3d). This indicates the enhanced discontinuous grain growth namely the effect
of carbon addition on the microstructure.

The microstructure of SPSed materials has shown almost none or very little
grain growth and seemed to be unaffected by the graphite addition. WC grains
were in submicron range and ZrO, particles were in the range of ultrafine to
nanoscale range for all grades with additional carbon.

The microstructure of Cr;C, containing grade had more homogeneous
distribution of the submicron grains for both VPS and HIP samples. WC
initially has a rectangular shape and demonstrated a tendency of grain
elongation with increase in carbon content (Figure 3.3c, d). This type of
morphology was reported for WC-30 wt.% Co composites when the carbon
content was increased from 0.1 to 1.0 wt.% [37].

3.1.3 Properties of the produced materials

The hardness and densities together with theoretical densities of the produced
specimens are presented in Figure 3.4. As it can be seen, the properties depend
on microstructural features, decreasing with increase in carbon content and
carbide grain size. Materials with 0.2 wt.% C had the highest hardness among
all the materials sintered by different methods. Similar behavior was observed
with the density. Hardness of the SPSed samples initially dropped from 1725
HV20 to 1380 HV20 when the C content increased from 0.2 to 0.4 wt.% and
then it increased to 1385 HV20 and 1505 HV20 for 0.7 and 1.0 wt.% C,
respectively. SPS routine has the unique advantage of suppressing grain growth
over other methods. This is probably the main reason for the increase in
hardness with higher C content along with better densification as compared to
HIPed and VPSed samples.
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Figure 3.4 Effect of carbon content on the a) density and b) hardness of the samples.
Standard deviation of the measurements has not exceeding 5-10 %

The indentation fracture toughness (IFT) of the materials showed evident
variations (Figure 3.5) depending on the method of sintering and the procedure
of calculations. IFT of HIPed materials decreases with increase in carbon
amount. VPSed materials, on the other hand, exhibit an increase in their fracture
toughness up to 0.7 wt.% C and decrease when C amount reached 1.0 wt.%.
SPSed materials shown almost no difference between IFT calculated for 0.2 and
1.0 wt.% C addition. Fracture toughness had a small increase at 0.4 wt.% C and
remained almost the same for 0.7 wt.% C. SPSed materials had an inverse
relation between their hardness and fracture toughness. Presence of additional
carbon not only hindered n-phase formation but also made some improvement
on the densification overall. In the grades produced by HIP IFT was very high
especially for low carbon content grades. In general higher fracture toughness is
assumed to be a result of synergetic influence of microstructure and zirconia
transformation toughening effect.
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Figure 3.5 Fracture toughness values for Palmquist (PLQ) and median (MED) crack
systems. Standard deviation of the measurements has not exceeding 5-10 %

Further optimization of the microstructure through the VPS processing
enabled the higher IFT value of 15 MPa-m'? [I]. The enhanced fracture
toughness is considered to be the result of more intensive tetragonal to
monoclinic phase transformation of zirconia due to grain size more close to
critical grain size needed for the transformation toughening to appear [98].

3.1.4 Results of wear testing

Erosion and abrasion wear rates for the specimens with the optimal
microstructure and mechanical properties described in the previous chapters and
for the reference WC-Ni material are represented in Figure 3.6. The erosion rate
of WC-Ni-ZrO, composite is lower as compared to reference WC-Ni specimens
produced by the VPS technique under the same laboratory conditions [I].

The better wear resistance of the specimens added by zirconia is related to be
an effect of zirconia transformation toughening in the WC-Ni matrix. Wear
resistance is strongly dependent on the fracture toughness and hardness. Among
materials tested, the reference WC-Ni hardmetal exhibited the lowest
mechanical performance; therefore, its lowest wear resistance is expected.

In addition, wear of the specimens caused by the abrasion is represented on
the Figure 3.6. The results are similar to those, which were obtained for the
erosion testing and are in straight dependence from mechanical properties. The
detailed discussion on the topic of wear of given materials can be found in [,
].

XRD observation of the worn surface shows lowering of intensity of the
tetragonal zirconia peaks due to partial transformation into the monoclinic phase
during erosion wear (Figure 3.7). Precise analyze and calculation of different
zirconia phases in specimens before and after tests revealed the transformability
of zirconia in conditions of erosion up to 40 % [I]. Therefore, the effect of
possible phase transformation toughening in the hardmetals doped by zirconia
can be stated for the conditions of high energy impacts by the erodent particles.
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3.2 ZrC-ZrO; ceramic
3.2.1 Processing of the materials

Densification behavior of the ZrC-ZrO, composite was analyzed.
Displacement rate of the upper electrode against sintering time is demonstrated
on Figure 3.8. When the pressure is applied at room temperature, the
densification displacement is positive and the powder is compressed to its green
density (stage 1). In the heating stage due to the expansion of the graphite molds
the displacement is in the opposite direction (stage 2). On the next step,
densification occurs and piston movement increases rapidly between 1000 and
1640 °C (stage 3).

During the first stage, densification is caused by rearrangement of particles
and plastic deformation under the applied pressure. The densification step has a
large rise because of the nanosize of the zirconia particles, which tend to
decrease their surface area and rearrange as soon as distance between them is
decreased. In second stage, the maximum pressure is applied and pistons
movement ends. Also, some negative movement can be observed because of the
thermal expansion of the powder and graphite material. Third step indicates
densification that is induced by current and concomitant joule heating.
Densification starts between 1000 and 1100 °C. Densification now occurs by
mass transfer mechanism. Necking between ZrO, particles is expected. Neck
formation leads to initiation of grain boundaries. There is some negative slope
after major densification is finished indicating thermal expansion of the
material. Detailed analysis of the SPS densification of Zr-ZrO, can be found in
[111].
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Figure 3.8 Change of piston position during sintering of the ZrC-37 wt.% ZrO, [1II]

40



3.2.2 Microstructural characterization of composites

XRD observation of the VPS and SPS produced specimens revealed no
significant influence of the sintering routine on the constituents of the
composite: both ZrC and ZrO, phases were retained in their initial state. The
XRD patterns are presented in Figure 3.9 It should be also mentioned that
zirconia has retained its tetragonal phase.

v vZrC
v ¢ ZrO, tetragonal
e ¢ v
= VPS1600°C
=
= L
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SPS 1600°C
i

2 Theta (°)
Figure 3.9 XRD graph of the samples obtain by SPS and VPS

The microstructures of the SPS and VPS sintered samples are demonstrated in
Figure 3.10. Two phases are well distinguished on the micrographs: the light
areas represent ZrC and the dark areas are yttria stabilized zirconia. Zirconia is
found in the well-dispersed clusters that increase in size with the increase of
YTZ content. Zirconia seems to form an interconnected phase in the
composites. Some individual grains can be distinguished and their average size
does not exceed the size of the starting ZrC particles, suggesting that ZrC grain
growth is minimal during the process of densification.

It can be observed that there is no difference between the microstructures of
the specimens produced by different routes. The VPSed specimen resulted in
lower densification degree, while mechanical properties were on the same level.
Nevertheless, densities of both VPS and SPS samples are about in the same
range, having 98 % of theoretical density Table 3.1.
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Figure 3.10 Microstructure images of the samples obtained by a) VPS and b) SPS

Sintering of pure ZrC requires temperatures higher than 2000 °C. The
presence of zirconium dioxide enhances the densification kinetics during SPS
and VPS treatment. Additional oxygen vacancies influence the mass transfer by
diffusion of atoms, and consequently, the process of sintering [S0-53]. Another
reason for enhancing sintering kinetics can be related to the size effect [10].
Well dispersed nano-sized YTZ particles with a high specific surface area
promote greater grain boundary diffusion.

3.2.3 Properties of the produced composites

Density and mechanical properties of the ZrC-ZrO, composites are listed in
Table 3.1.

Table 3.1 Mechanical properties of the ZrC-ZrO, composites

Specimen Density Hardness  Bulk modulus IFT
g/em’ HV10 GPa MPa-m!?
VPS 37 wt.%ZrO, 6.20 1520422 255+11 7.25+1.3
SPS 37 wt.%ZrO; 6.35 1550458 260+23 7.15+4.0
SPS 23 wt.%ZrO; 6.30 1515482 250+27 8.90+3.2

From analysis of the properties it can be concluded that increasing of zirconia
content improves sinterability and homogeneity in properties, while specimens
with higher ZrC content do not demonstrate any advantages in hardness for
example. ZrC is difficult to sinter alone and therefore an additional phase such
as nano sized zirconia enhances sinterability noticeably and lowers the sintering
temperature of ZrC.
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Figure 3.11 Representative SEM images of a) indentation imprint; and b, ¢, d) cracks
propagating from the corner of indent taken from the surface of the ZrC—37 wt.% YTZ
composite [1I1]

SEM micrographs of the crack propagating from the corners of the Vickers
indent are shown in Figure 3.11. In all probability, the advanced crack
transforms some of the zirconia particles in vicinity of the path of a crack tip,
leaving behind regions of permanently transformed material. The crack
propagates predominantly along the grain boundaries, indicating an
intergranular character of cracking; ZrC grains tend to deflect the crack.
Therefore, the multiplicative interactions such as crack deflection and branching
combined with transformation toughening are evident and can be regarded as
operating toughening mechanisms in the composites.

In order to assess zirconia transformability, the difference in monoclinic phase
content of the polished and fractured surfaces, i.e., the fraction of stabilized
zirconia transformed into monoclinic phase during fracture, was determined
with the XRD measurement.

The transformability of the tetragonal zirconia decreased from 36 % in 23
wt.% ZrO, containing composite down to 32 % in the composite with 37 wt.%
Z1O; of yttria stabilized zirconia. Reducing transformability in the 37 wt.%
Zr0O, grade explains the similar values of the indentation fracture toughness of
the composites despite the relatively large difference in zirconia content:
toughness increases with increase in transformability, indicating that the stress-
induced phase transformation can constitute one of the mechanisms responsible
for toughening [III].
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3.3 Alumina toughened zirconia composite material
3.3.1 Sintering of the produced mixture

In order to study the densification behavior of the fibers dilatometry sintering
at a constant shrinkage rate in pressureless conditions was conducted.
The dilatometry graphs can be found in V.

Zirconia is densified at a temperature of around 1350 °C. However, at
temperature of 1200-1250 °C gamma-alumina undergoes transformation to
alpha phase accompanied by fibers decomposing into the particles [58].
Therefore, sintering should be conducted at temperatures lower than 1200 °C. It
was shown [IV] that at 1000 °C there is almost no densification. Densification
starts between 1000 °C and 1100 °C, which agrees with the dilatometry
sintering experiment, where the main densification step starts at 1070 °C.

Figure 3.12 represents 3 pistons movement curves which describe
densification behavior during SPS cycle. It can be observed that 1100 °C
sintering regime is optimal, because at 1000 °C there is almost no densification
and at 1200 °C no additional densification occur.
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Figure 3.12 Dilatometry graphs of the samples produced by the SPS [1V]

3.3.2 Microstructure and properties characterization

Five different XRD patterns of the studied materials are represented in Figure
3.13. The patterns of the samples sintered at 1100 °C and 1200 °C look similar
to PSZ pattern while some important distinctions can be found. Monoclinic
zirconia has undergone the transformation into the tetragonal modification after
the 700900 °C and no monoclinic zirconia is left in the bulk specimen. This
also explains the densification step during dilatometry sintering where
densification occurs at 780 °C. There are no gamma alumina peaks, which are
present on the initial pattern of the ANFs.
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Figure 3.13 XRD pattern of the precursor and sintered materials [IV]

Microstructures of the specimens produced by different sintering methods can
be seen on the Figure 3.14. It must be noticed that in case of SPS sintering the
ANFs are retained in their initial bundle or whisker state while in case of air
sintering those are completely decomposed.

Single nanofiber
whisker

Figure 3.14 Microstructures of the Zirconia-Alumina composite a) sintered at
1100° SPS, b) sintered at 1300 °C Air [IV]

The mechanism of whiskers transformation into the rounded cluster is
depicted in IV.
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The properties of the produced specimens can be seen from the Table 3.2. It is
clear that specimen sintered at 1000 °C has the lowest density and hardness.
The 1300 °C air sintered specimen has also very low density and mechanical
characteristics. In this case a noticeable difference between the SPS and
conventional air sintering processes can be seen. Even though SPS process for
this material has been performed at 200 °C lower than air sintering its’ density
is 20 % higher which is a significant improvement. Also the hardness of the
sample sintered at 1100 °C is 1054 HV which is high enough for further testing
experiments with this sample.

Table 3.2 Properties of the produced specimens

Technology Density Densification Hardness Modulus of
g/cem’ % HV10 elasticity, GPa

1000 °C SPS 3.15 54 75+5 -

1100 °C SPS 5.50 93 1035+60 130+24

1200 °C SPS 5.50 93 755+15 150£18

1300 °C air 4.35 74 545+25 90+15

Introduction of tough whiskers into particulate matrix is done to increase its
ability to oppose fracture propagation. In paper IV the crack obtained from the
Vickers indentation measurement moving through the matrix and then passing
through the whisker-like bundle of ANFs can be seen. It should be noticed that
movement of the crack is not affected by the ANF inclusion and no crack
stopping mechanism take place, whether crack bridging or deflection.
Therefore, the [FT measurements were not done on this specimen.
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4 CONCLUSIONS

Different oxides-containing ceramic-based composite materials were designed
and produced throughout this study with the help of different PM methods with
a special emphasis on the sintering technology. Based on this study the
following conclusions can be outlined:

1. Production of the dense and poreless WC-Ni-ZrO; hardmetal is possible with
both: conventional sintering methods (HIP, VPS) and non-conventional SPS
method. However, production conditions and produced material characteristics
are dependent on the method of fabrication. Sintering time needed for the
production of dense WC-Ni-ZrO, hardmetals is 20 times faster in case of the
SPS technique as compared with VPS and HIP techniques and temperature
needed to obtain dense material is almost 20% lower than in case of
conventional sintering techniques.

Production of ZrC-ZrO, composite with SPS technique is also 10 times
faster than in case of VPS, while temperature needed to produce dense sample is
the same for both technologies.

Dense ATZ (alumina toughened zirconia) composite can be produced with
the help of the SPS technique at low sintering temperature of 1100 °C, while in
case of conventional air sintering no dense composite can be obtained at
temperature 200 °C higher than mentioned. Low temperature SPS cycle gives
an ability to retain the new type of ANF fibers in their whisker like state.

2. Final microstructure of the WOC-Ni-ZrO, hardmetals produced by
conventional sintering methods is dependent on the carbon content in the
powder mixture: the optimal carbon content is 0.2 wt.%. However, there is no
influence of additive carbon content on the grain growth of the SPS produced
specimens.

There is no influence of the sintering technique on the microstructure of the
ZrC-ZrO, composite. Microstructures of ZrC-ZrO, material produced by VPS
and SPS are the same.

Microstructure of the ATZ composite produced with SPS has ANF
inclusions in form of whiskers while in case of microstructures produced in air
at higher temperature all the ANF whiskers are transformed into the rounded
clusters.

3. Introduction of ZrO; into composites has resulted in a positive result to the
toughness properties.

All the mechanical behavior characteristics: IFT, hardness, abrasion and
erosion wear resistance are higher for the WC-Ni-ZrO, composite as compared
to the WC-Ni hardmetal produced under same conditions. Improved fracture
toughness and wear resistance are attributed to the addition of ZrO, and
observed tetragonal to monoclinic phase transformation.

Phase transformation was also observed for the ZrC-ZrO, composite.
Fracture toughness of pure ZrC was noticeably increased by the addition of
ZI‘Oz.
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Hardness of ZrC decreased after adding ZrO,, while remained on a high
level.

Addition of ANF to zirconia matrix and remaining them in whisker like state
did not result in crack stopping mechanisms for the bundle inclusion. The
hardness of the ATZ composite is high enough for further evaluation.

Materials studied in this work will be processed in future. WC-Ni-ZrO»
composite is being studied for the underground tunneling project. ATZ
composite will be developed in order to produce reliable whiskers containing
composite. Tribological and oxidation observations will be performed on the
ZrC-ZrO, composites.

Novelty of the present work is described as follows:

e Advanced CMC systems exploiting the transformation toughening of
tetragonal zirconia have been produced and the technological parameters
for their fabrication by different sintering techniques have been proposed.
¢ Pressureless and pressure assisted sintering techniques, including spark
plasma sintering, have been used for fabrication of the composites and
the microstructural features and the mechanical properties of the
produced materials have been compared.

e The novel type of reinforcement (namely, alumina nanofibers) have
been tested for the first time and the produced alumina bulks have been
found the perspective choice for the future development of composites
with nano-reinforcement.

Present work gives inception to a number of other researches for further
development and testing of the materials produced. Technology obtained allows
production of dense CMCs with improved IFT and using the novel types of
reinforcements (such as ANF).
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ABSTRACT

Design and technology of oxides-containing
ceramic-based composites

Ceramics and ceramic-based composites are materials of the future without
any doubt. Ceramics have low density and very high strength characteristics.
Ceramics have high resistance to oxidation, they are chemically inert in many
harsh environments and withstand elevated temperatures, because of their high
melting temperatures. All the named properties are being the result of the
covalent bonding of the ceramic materials. Another side of the covalent bonding
in the ceramics is that these materials are brittle and because of their high
melting point they are difficult to fabricate. They break immediately as soon as
maximum fracture load value is obtained.

Powder metallurgy (PM) is one of the best methods for the production of
ceramic-based materials. It gives an ability to produce different material
compositions and introduce properties improving additives during the precursor
powder preparation stage.

In current study PM was used for the production and development of the
ceramic-based composite materials. Carbides, oxides and metals were taken as
the main composing elements. Three main compositions were produced in
present study and yttria-stabilized tetragonal zirconia (YTZ) was used as a main
additional or compositional component in all of the produced materials. It was
decided to study the properties of such materials as WC-Ni-ZrO,, ZrC-ZrO, and
Zr0»-Al,03. Production and development consisted in fabrication of the
designed compositions with different sintering techniques because sintering was
considered as one of the main and most influencing stage of PM.

Four main sintering technologies were used in present study: three
conventional sintering techniques (ambient sintering in high temperature
furnace, vacuum pressureless sintering (VPS) and hot isostatic pressing (HIP))
and one non-conventional but rapidly developing and promising technique
called spark plasma sintering (SPS).

The aim of this research was to produce new types of ceramic-based
composite materials with high level of densification and high mechanical
properties by the means of different sintering techniques and to compare the
properties and microstructural characteristics between those technologies in
order to reveal best suitable method for given material group.

The research has shown that SPS technique is more preferable for the
production of the materials, which need to be produced with sintering
temperatures lower than conventional consolidation temperatures. Also when
grain growth of the ceramics need to be kept minimal, SPS is more preferable
due to shorter sintering time. However, sintering of the ZrC-ZrO, composite
has shown that named mechanical and microstructural parameters will be the
same in both SPS and VPS cases.
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KOKKUVOTE
Oksiide sisaldava komposiitkeraamika tehnoloogia

Keraamika ja keraamikal pohinevad komposiidid on huvipakkuvad
materjalid tinu nende madalale tihedusele, korgetele tugevusnéitajatele ja heale
vastupanule oksiideerumisele. Keraamika on keemiliselt inertne paljudes
agressiivsetes keskkondades ja peab vastu korgendatud temperatuuridele. Koik
nimetatud omadused on keraamika korral tagatud aatomitevaheliste
kovalentsete sidemetega, samas kovalentsetest sidemetest tuleneb negatiivne
pool — nende haprus. Keraamika puruneb kiirelt, samaaegselt kui pinge saavutab
oma maksimaalse viddrtuse. Samas on ka keraamika valmistamisel
(paagutamisel) osakeste vaheliste sidemete tekitamiseks vaja palju energiat.

Pulbermetallurgia (PM) on iiks parimatest viisidest keraamiliste materjalide
valmistamiseks. See annab véimaluse erineva koostisega materjalide tootmiseks
ja vdoimaldab saada eriomadusi, kasutades parendavaid lisandeid.

Uuringu pohieesmérgiks oli valmistada uut tiilipi komposiitkeraamika, mis
on pooride ja teiste defektide vaba, parendatud mehaaniliste omadustega,
kasutades  erinevaid  paagutustehnoloogiaid. = Vorreldakse  erinevate
paagutustehnoloogiate teel saadud materjalide omadusi ja mikrostruktuurseid
karakteristikuid, leidmaks sobivaim paagutusmeetod antud materjaligrupi
tootmiseks.

Kéesolevas t00s on kasutatud PM tehnoloogiat selleks, et arendada ja
valmistada keraamilisi komposiitmaterjale. Pohikomponentideks on vdetud
karbiidid, oksiidid ja metallid. T66s on uuritud kolme erineva koostisega ja
tsirkooniumdioksiidi (ZrO) lisandiga komposiitkeraamikat. Eesmargiks oli
uurida WC-Ni-ZrO,, ZrC-ZrO; ja ZrO,-Al,O; komposiitkeraamika omadusi.
Omaduste parandamiseks uuriti komposiitkeraamika erinevaid
paagutustehnoloogiad: kolme traditsioonilist meetodit (korgetemperatuurne
paagutamine dhus, paagutamine vaakumis, kuumisostaatiline pressimine) ja {iht
mittetraditsioonilist aga kiiresti arenevat ja perspektiivset paagutustehnoloogiat
— plasmasédepaagutust (spark plasma sintering, SPS).

Uuringute tulemusena selgitati vélja, et plasmasddepaagutusmeetod on
sobivam materjalidele, kui on oluline madalam paagutustemperatuur ja
lithiajalisem paagutuskestvus vorreldes traditsiooniliste paagutusmeetoditega.
Plasmaséddepaagutus voimaldab saada WC-Ni-ZrO, komposiitkeraamika korral
peeneteralisema materjali ja paremad sitkusnditajad; AlLOs; kiududega
armeeritud ZrO, keraamika korral véltida kiudude lagunemist ja sellest
tulenevalt parandada materjali sitkust. ZrC-ZrO, komposiitkeraamika korral
mehaanilised omadused on samasugused nii plasmasidde- kui vaakumpaagutuse
kasutamisel.
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ABSTRACT

In this work, the microstructural features and mechanical properties of Co-free hardmetals doped by
3 mol% yttria stabilized tetragonal zirconia and densified by means of conventional vacuum pressureless
sintering as well as spark plasma sintering were studied. Influence of dispersed zirconia clusters on
mechanical behavior and erosive and abrasive wear resistance of hardmetals with 6 wt% of stabilized
ZrO, was investigated. It was shown that zirconia transformability affects the wear performance of the
composites. For utilization of the mechanism of transformation toughening some essential requirements
such as grain size and grain size distribution should be met. Simultaneous increase in fracture toughness
due to stress induced transformation toughening of tetragonal zirconia with increase in hardness due to
grain growth inhibition during processing allows considering the cemented carbides doped by zirconia
as promising tribomaterials.

Abrasion
Spark plasma sintering
Zirconia
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1. Introduction

Processing and mechanical behavior of various types of cemen-
ted carbides has been extensively studied over the last decade;
however, to extend the service life of cemented carbides and
enhance their reliability under severe conditions, novel composi-
tions have been continuously developed and their wear behavior
evaluated. Tungsten carbides based composites are one of the
most widely used industrial materials due to their unique combi-
nation of mechanical, physical and chemical properties. These
materials represent the aggregates of hard WC particles bonded
with cobalt or nickel and usually produced by a liquid-phase
sintering. Most of the WC-Co applications, starting from cutting
tools through dies to teeth on gravel extractors, require high wear
and oxidation resistance and tolerance to impact loading. Poor
thermal stability of cobalt and insufficient corrosion-oxidation
resistance limit the applications of such kind of hardmetals
as structural components where high temperature mechanical
properties, acceptable fracture toughness and wear resistance
are required. Therefore, in recent decades research interests
have been focused on improvement of composites reliability and
durability [1-6]. One of the approaches isa partial substitution of
WC particles by other non-oxide compounds and/or using grain
growth inhibitor [7,8]. The alternative way to improve durability is
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modifying the cobalt binder phase by doping with nickel, iron, etc.
Substantial research efforts have been directed towards sinte-
ring of nanosized tungsten carbide based composites attempting
considerable improvement in the mechanical properties of the
hardmetals [9]. Indeed, there are strong indications of dramatic
shift in mechanical behavior of nano-structured and/or ultra-fine
grained materials [1,5]. However, there is no ultimate picture
yet on advantage of nano-structures considering their fracture
toughness. Attempt to incorporate zirconium dioxide into the WC
matrix to substitute binder metal has recently met with the
success in fabrication of WC-ZrO, composites with superior
properties and excellent chemical stability [1,4,5]. Along with high
flexural strength of about 1 GPa and fracture toughness of about
10 MPa m'/?, zirconia also possesses a relatively high hardness
and wear resistance [10]. These properties have led to the use of
zirconia-based components in a number of engineering applica-
tions such as automobile engine parts, wire drawing dies and
cutting tools [11].

Transformation toughening of materials based on the marten-
sitic phase transformation in ZrO, systems has been widely
studied [6,10,11] and results demonstrated a potential for exploi-
tation of stabilized tetragonal zirconia as a toughening agent in
different ceramic matrices. However, one of the most effective
methods to increase the fracture toughness of ceramics and
improve materials reliability is incorporating a ductile metallic
phase. Ceramic-metal composites (cermets or hardmetals) can
represent such kind of matrix for zirconia incorporation not only
for increase in toughness but also for improvement in wear
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resistance through increase in hardness by inhibiting carbide
grains growth and hindering cracks propagation. The attempts to
incorporate ZrO, into low binder containing or binderless cermets
seem to be a promising way in development of engineering
materials tolerant to impact loading.

The method of the composite fabrication, i.e. processing para-
meters, plays a crucial role for developing the materials properties.
The wear behavior of cemented carbides is directly related to its
chemical composition and microstructure. The wear resistance of
these materials generally increases by the reduction of binder
metal content and by decreasing the grain size. The ongoing
research is focused on the development of sintering techniques
that allow full densification of WC-based hardmetals at lower
sintering temperature and/or within a shorter thermal cycle time,
such as hot pressing [6,12], microwave sintering [13] or spark
plasma sintering (SPS) [14]. From a practical point of view, the
essential requirement to the processing route obtains the uniform
distribution of phases throughout a composite and a dense
material with low residual flaw population. Wettability of the
constituents, therefore, should be carefully considered. Due to
relatively better wettability between zirconium dioxide and nickel
as well as nickel better oxidation resistance as compared to cobalt,
the composites of tungsten carbide with nickel binder metal were
assessed in the present work. The tribological performance of the
cemented carbides with and without zirconia additives and
fabricated by two different methods (conventional vacuum sinter-
ing and spark plasma sintering) is the main objective of the study
on the composites in erosive and abrasive media.

2. Materials and experimental procedure
2.1. Materials

Cemented carbides with 6-12 wt% of binder metal have found
a wide application in industry. In the present work, the composites
with 8 wt% of nickel was chosen as a reference material. Because
influence of metal content on wear performance of hardmetals is
comprehensively documented [15-21], the variations in binder
content were not considered as a goal of this study. The amount of
yttria stabilized zirconia of 6 wt% was chosen as being quite
enough for exploitation and investigation of the mechanism of
transformation toughening while small enough not to unfavorably
influence the hardness of the composites. WC powder with
average particles size of 0.9 um and 99% of purity was provided
by Wolfram GmbH, Austria. The commercially available nickel
powder of 99.7% purity and average grain size of 7 pm was used as
a binder metal. 6 wt% of a commercial 3 mol% yttria stabilized
tetragonal zirconia powder ( <100 nm, 99.9% purity, Alfa Aesar,
Germany) was mixed with the precursor powders to produce
the WC-Y-ZrO,-Ni hardmetal. To eliminate unfavorable n-phase
formation during sintering 0.2 wt% of free carbon was added to
the mixture as described elsewhere [12]. The powders were mixed
in ethanol with PEG (Polyethylene glycol) plasticizer in a rotary
ball mill for 72 h using 6 mm diameter WC-Co milling balls. The

contamination from the WC-Co balls was minimized by a low
energy mode of mixing.

2.2. Processing

Milled and dried powder blends were subjected to a cold
pressing at 8.5 MPa to obtain green compacts with a green density
of about 55% of theoretical density. Green bodies have been held at
500 °C in hydrogen for 30 min to burn plasticizers off.

Two different techniques, namely vacuum pressureless sinter-
ing (VPS) and spark plasma sintering (SPS), also known as field
assisted sintering or pulsed electric current sintering, were used in
this study for powders densification.

Retention of the metastable tetragonal polymorph of zirconia is
critically dependent on the sintering conditions and is affected by
the sintering temperature largely. Based on the previous results
[6,12] the sintering temperature for the composites processing has
been chosen as 1450 °C for VPS and 1275 °C for SPS routines. The
procedure of the specimens’ fabrication is sketched in Fig. 1.

The SPS technology allows us to densify WC-Co materials at
much lower temperatures as compared to conventional pressure-
less sintering.

The spark plasma sintering (FCT HP D 25-2, Germany) was
performed in vacuum at the conditions of electric current pulse
duration of 10 ms and pause of 5 ms. The powders were poured
into a cylindrical graphite die and sintered at 1275 °C and pressure
of 50 MPa for 1 min.

The main purposes of the consolidation routes are to ensure a
uniform distribution of tetragonal inclusions within a matrix and
to retain the majority of the zirconia grains in metastable tetra-
gonal polymorph.

2.3. Characterization

Prior to the investigations, the specimens were grounded and
smoothly polished with diamond paste to obtain optically reflect-
ing surfaces.

The microstructure and grain size of the constituent phases were
examined with scanning electron microscopy (SEM, Leo Supra-35)
equipped with energy dispersive spectroscopy (EDS - TM-1000)
analyzer. Grain size was described by the spherical equivalent
diameter.

X-ray diffraction (XRD; Siemens, Bruker D5005) analysis was
conducted to identify phases in the initial powder and crystalline
phases after sintering and erosion/abrasion tests. Specimens were
irradiated with Cu Ko-radiation at 40 kV in a scanning range 26
from 20° to 80° with a step size of 0.04°. The integrated intensities
of the (101) tetragonal peak and (i11) and (111) monoclinic peaks
were measured and volume fraction of the monoclinic polymorph
was calculated using the Porter and Heuer method corrected for
the monoclinic-tetragonal system [22].

The sintered density was measured by the Archimedes techni-
que using water as the immersion medium. Hardness was mea-
sured on an Indentec 5030 SK V Vickers hardness tester with an
indentation load of 10 kg. The reported Vickers hardness, HV o, for
each composition is the mean and standard deviation of 10 indents.

Cold

Rotary ball pressing
WC + Ni milling / 8.5 MPa

'VPS sintering

1450°C, 1 h \

+Y-ZrO2 72 hours \

1275 °C, 1 min, 50 MPa

Characterization
SPS sintering /

Fig. 1. Sketch of the composites processing.
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The indentation toughness approach was chosen as the easiest
and effective way to estimate fracture toughness of the compo-
sites. The indentation fracture toughness, Kjc, was calculated from
the length of radial cracks emanating from the corners of the
Vickers indentation imprints using the well-known Palmqvist
approach. Load of 50 kg on the indenter resulted in quite well
developed cracks that would mitigate any surface effects of the
indentation. The c/a ratio (c - half-crack length of a radial crack,
and a - half-diagonal length of an indent) is less than 3 in most
cases; therefore, a developed crack system may be considered as
the Palmqvist system. The surface cracks initiated by the indenter
were measured using optical microscopy that gives suitable
contrast on the surface for accurate measurements of the crack
lengths. The reported values are the mean and standard deviation
of at least six indentations. It should be noted that the single-edge
V-notch beam (SEVNB) route provides more reliable values of the
fracture toughness as compared to the indentation fracture tough-
ness, which often gives the overestimated values. However, diffi-
culties in the sample preparation limit SEVNB method adaptability.

Erosion testing was conducted with the help of conventional
four-channel particles accelerator [16], which consists of a feeder
to give a controlled in-feed of particles, a rotating disc with six
radial channels to accelerate the particles and a target holding
system. During operation, particles were continuously fed into the
central hole of the rotating disc, accelerated through several radial
ceramic channels by the centrifugal force and ejected from the
open end of the acceleration tubes. The specimen targets are
located around the disc on adjustable holding systems. Silica
particles traveling at velocities of 50-80 ms ™~ at a normal incident
angle were used as erodents in this study. Tests were conducted at
room temperature and the erosion rate was determined as volume
loss of the target material per mass of the erodent particle.

Table 1
Abrasive test conditions.

Specification Description

Scheme Block-on-wheel
Wheel @ 80 mm, width 8 mm, steel covered by chlorobutyl
rubber
Abrasive Si0,, particle size 0.1-0.3 mm, HV=1100, feeding rate
300 g min~"'
Circumferential 1ms™!
velocity
Number of rotations 1500 turns
Force again 5 kg (47 N)
specimen
Atmosphere Alr, relative humidity 50 + 10%

Temperature Room temperature

o [|e
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’;i‘ .
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= o W
k) 2 200, Toungonal WC-8wt.%Ni-6wt.%ZrO2
£ 20, Worcine
ZrO,- Initial powder
¥
viv
M
30 40 50 60 70 80 "

2Theta (%)

Minimum of four erosion rate measurements were made for each
test condition and material. Subsequently, the results were averaged.

Abrasive testing was performed using the rubber-rimmed
rotary wheel machine according to the modified ASTM 65-94
method with reduced diameter of the wheel disk for testing small
sized specimens and cutting down expenses during development
stage of a new material [17]. Abrasion test results are reported as
volume loss in cubic millimeters per load and distance
(mm>N~!'m~") for the specified test conditions are summarized
in Table 1. The wear tests were repeated at least 3 times and
average values are stated throughout the paper.

3. Results and discussion
3.1. Microstructural analysis

The XRD patterns as well as SEM image of the precursor
mixture are shown in Fig. 2.

The two main microstructural features of hardmetals, which
greatly influence the wear resistance of the materials, are the binder
content and the carbide grain size that largely affect the mechanical
properties and, therefore, tribological performance [18-21]. The
shape of carbide grains in the conventionally sintered WC-Co
hardmetals is usually a truncated triangular prism and influenced
by the binder metals and/or additives. In the composites developed
during this study, three types of the WC grains have been detected:
small amount of standard triangular shaped grains, some amount of
rectangular shaped grains, while most of the WC grains were
relatively equiaxial (Fig. 3). The shape change could be related to
the effect of zirconia on the interface energy of the system. In the
SEM images the dark spots represent zirconia particles; gray areas
show nickel binder and bright regions are carbides.

Vacuum pressureless sintered materials revealed insignificant
grain growth during heat treatment and bimodal final distribution
of the WC grains composed of two groups: <1 pum and > 2.5 pm.
Most of the WC grains are equiaxed and separated by a thin layer
of nickel. Therefore, the addition of another ceramic phase
suppresses the formation of undesirable triangular WC grains.

From Fig. 3a, zirconia is in well-dispersed clusters of uniform
size distribution ranging between 0.2 and 3 pm. The ultrafine
zirconia powders (~ 100 nm) possess very high surface to volume
ratio. In order to minimize the total interfacial energy of the
system, the large surface area provides a strong driving force for
the powder particles to form agglomerates. These agglomerates
determine the final clusters size in the bulk composites.

The density data revealed the near theoretical densification
(over 99% of theoretical density) of the product that pointed to the
fact that WC-Ni-Y/ZrO, hybrid material may be successfully

Fig. 2. (a) XRD patterns of the initial zirconia powder and precursor powder blend; (b) SEM micrograph of the precursor powder.
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Fig. 3. (a) SEM image of the pressureless sintered WC-Ni-Y/ZrO, and (b) the XRD pattern; (¢) SEM images of the SPSed WC-Ni-Y/ZrO, and (d) the XRD pattern. White

arrows point at zirconia clusters.

produced with the help of pressureless sintering at 1450 °C.
Another important observation is the presence of t-ZrO, in the
sintered material. The XRD pattern recorded from the polished
surface of the material and shown in Fig. 3b shows no spurious
phases, while some monoclinic zirconia is present along with its
tetragonal modification. This suggests that the metastable tetra-
gonal phase can be retained during processing and may contribute
to the increase in fracture toughness.

Application of a high electric current for SPS allows consolidat-
ing powders to full density much faster and at lower temperatures
as compared to conventional methods of powder metallurgy. The
microstructure can be considered as an ultra-fine grained one with
the WC grain size in the sub-micron range, which is about the
particle size of the precursor WC powder (~0.9 pm). This result
implies minimal grain growth during processing. Therefore, it may
be concluded that rapid sintering process and dispersion of ZrO,
particles are useful in suppressing the WC grain growth. The effect
of oxides on grain growth is still quite questionable and requires
further evaluation.

XRD patterns recorded from the polished surfaces of the
processed samples are presented in Fig. 3c. Within the limits of
XRD detection, no phases other than WC, tetragonal and mono-
clinic zirconia, and Ni could be recorded from the corresponding
patterns. This suggests that no sintering reaction occurred to any
noticeable extent during the processing; Y/ZrO, is retained in its
metastable tetragonal polymorph in the present processing
scheme and, therefore, can contribute to increase in fracture
toughness of the composite.

The martensitic transformation from the tetragonal to the
monoclinic structure is strongly influenced by zirconia grain size

and size distribution throughout a composite [5,10,23]. Retention
of the metastable tetragonal phase is further maximized by
maintaining the grain size of the zirconia below an “upper” critical
grain size value, when particles are the subjects of the spon-
taneous transformation, while above a “lower” critical size
when particles are overstabilized for any transformation. From
a practical point of view, the essential requirements are retai-
ning of controlled metastability of the tetragonal phase at the
service temperature and uniform distribution of the zirconia
additives with the appropriate size as well as a low residual flaws
population.

Pressureless sintered composites contain the zirconia agglom-
erates of relatively wide size distribution ranging between 0.1 and
2.5 pm (Fig. 3). The SEM examination also revealed the presence of
nanocrystalline zirconia particles of 30-60 nm entrapped within
micron WC grains.

Yttria stabilized zirconia grains are much smaller in the spark
plasma sintered specimens. Zirconia grains can also be determined
as ultra-fine sized although zirconia particles are highly agglom-
erated and present clusters of uniform size distribution ranging
between 0.05 and 0.5 pm and most of them are located between
fine carbide grains surrounded by binder metal.

A thermodynamic formulation for the critical size of inclusions
to be transformed in a constrained matrix dc can be expressed
through the process of “competition” in a change of a surface free
energy and a chemical free energy during martensitic t—m
transformation of the zirconia particle. The thorough theoretical
consideration of the problem is out of scope of the present paper;
however, rough analysis performed by the authors in [24] by
comparison of Gibbs energies of the composite materials with
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inclusions in different phase states gives an estimation of the
critical radius of the 3 mol% yttria stabilized zirconia particles to be
around 1 pm.

3.2. Mechanical properties

The mechanical properties of the composites developed are
listed in Table 2. Hardness and fracture toughness are two of the
most important mechanical properties of tribo-materials. Many
materials characteristics such as wear resistance, for example, are
more or less affected by these two parameters. As expected, quite
high Vickers hardness was achieved in the fine grained cermets as
reported in Table 2. Conventional hardmetals of 8-12 wt% of
binder metal (Co or Ni) possess hardness in a very wide range
starting from as low as about HV;0=1000 and achieving as high
value as 1600 depending on many factors including carbide grain
size, porosity, and so on [25,26]. It is well known that the hardness
of the ultra-fine grained and nano-grained materials is signifi-
cantly higher (~1500-2000) and increases with decrease in WC
grains size [9,26].

The volume change accompanying transformation creates a
compressive strain field around a crack tip to oppose crack
propagation, while the strain energy associated with any net shear
component of the transformation strain in the transformation
zone contributes an effective increase in the energy of fracture [27].
Additional contributions to toughness may result from micro-
cracking associated with accommodation of the transformation
shape strain and from crack deflection within the transformation
zone ahead of the crack. Usually ceramic materials display a very
limited amount of local plasticity; therefore, some amount of ductile
binder metal can help in preventing secondary spallation in the
matrix. In addition, bridging crack surfaces by ductile ligaments may
contribute to the materials fracture toughness.

Indentation fracture toughness of the composites developed is
somewhat higher as compared to published data for conventional
and even nanocrystalline cemented carbides with the same
amount of metal binder [9,25]. It has been shown that the crack
does not advance exactly along the interfaces in conventional
WC-Co/Ni hardmetals but proceeds in the binder, forming closely

Table 2
Mechanical properties of the WC-Ni-Y-ZrO, hardmetals.

spaced shallow dimples in material [9]. For conventional bulk
WC-Co/Ni hardmetals, the fracture toughness is a function of a
mean free path 1 between the WC grains. A finer grain size usually
results in smaller 1 at a given constant volume fraction of binder
and smaller plastic zone, and therefore, lower fracture toughness.
For ultra-fine grained hardmetals the effect of the plastic mechan-
isms of binder metal will no doubt be reduced [9]. The mean free
path is estimated to be about 320 nm and 100 nm in VPSed and
SPSed composites, respectively. The degree of contiguity greatly
influences the properties of composites, particularly if the proper-
ties of the constituent phases differ significantly. Generally, as the
contiguity increases, hardness increases and fracture toughness
decreases. Continuity between both WC grains and WC-Y/ZrO,
grains was estimated to be 0.66 for VPSed material and 0.68 for
SPSed one. Therefore, some increase in fracture toughness of
VPSed hardmetal can be expected from synergetic effect of the
crack bridging/plasticity of the metal binder as well as the stress
activated phase transformation.

However, it should be noticed that because the fracture tough-
ness data listed in Table 1 were measured indirectly using the
Palmgqvist method and converted to the Kic values, it is not evident
that these values can be reproduced using the standard fracture
toughness testing methods such as the short-rod method (ASTM-
B771) or the SENB method (ASTM-E399).

Fig. 4 shows the SEM micrographs of the indentation cracks
propagating in the composites. The crack propagates predomi-
nantly along grain boundaries indicating an intergranular char-
acter of cracking; zirconia grains also tend to deflect the crack.
Further, when the crack propagates along the tetragonal grains,
some crack closure can be observed pointing to the possible grain
transformation due to the crack stress field. Therefore, the multi-
plicative interactions such as crack deflection and stopping com-
bined with binder plasticity are evident and can be considered as
operating toughening mechanisms in the composites.

3.3. Wear resistance

Quantitative results of the erosion and three-body abrasion of
the cermets tested are given in Table 3.

Table 3
Wear rates of the materials studied.

Material VPSwe-ni VPSwe-y-zro,-ni SPS we-v-zr0,-ni
Relative density (%) ~98 ~99 ~98

Average WC grain size (um)  ~3.0 Bi-modal ~0.9

Hardness (HV1o) 1650 +77 1770 +53 1755 + 36

IFT, Kic (MPam'/?) 111+38 1503 +4.1 11.35+3.3

Grade Erosion rate Erosion rate Abrasion rate
(mm?/kg; 50 ms~ ') (mm?/kg; 80 ms~ ") (mm’/Nm x 10°)
VPSwe-ni 2.72+033 6.42 +0.53 150+23
VPSwe-y-zio,-ni 0.64 +0.2 1444033 94+12
SPSwe_y-zro,-ni 1.51+0.26 2.86+0.28 8.8+09

Fig. 4. SEM micrographs of the indentation cracks on the surface of (a) pressureless sintered WC-Ni-Y-ZrO, and (b) spark plasma sintered WC-Ni-Y-ZrO,.
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3.3.1. Erosion

The erosion rate of WC-Ni-Y/ZrO, hybrids is lower as com-
pared to erosion rate of the conventional WC-Ni hardmetal.
It is well proved that the erosion rate of the cemented carbides
increases with increasing WC grain size or, in other words, with
decreasing hardness [25,28]. However, many other characteristics,
such as fracture toughness and residual porosity, should be taken
into account when erosion resistance is evaluated [3,29]. Among
materials tested, the reference WC-Ni hardmetal exhibited the
lowest mechanical performance in terms of porosity, hardness and
toughness; therefore, its lowest wear resistance is quite expected
at both velocities of the erosive particle impact (Table 3 and Fig. 5).
Assuming a wear resistance is related to hardness and fracture
toughness following the relationship ¢Ki¢H", (where the exponents
m and n have negative values and vary according to the manner in

Erosion rate,
mm?*/kg

Abrasion rate,

mm?*Nm x10°

Erosion rate; 50 ms”  Erosion rate; 80 ms'  Abrasion rate

Fig. 5. Erosion rates of the hardmetals tested.

which material is removed; C is a constant of proportionality
taking into consideration test conditions), the erosion perfor-
mance of pressureless sintered hardmetal should be the best
one. Indeed, the VPSed grade shows the highest wear resistance
and, therefore, the effect of phase transformation toughening is
somewhat masked. The worn surfaces of the composites were
examined to determine the wear mechanisms and zirconia trans-
formability. The SEM micrographs, displayed in Fig. 6, give some
views onto the surfaces damaged by silica particles traveling at the
velocity of 80 ms~".

The surfaces exposited to impact of the erosive particles appear
to be severely damaged and deficient with the binder metal. Scars
of plastic deformation in the carbide grains, cracking of some large
grains and grains separation along WC-WC and WC-Ni interfaces
combined with depletion and washout of the binder phase around
the carbides lead to the weakening of the materials and, as a
consequence, to removal of the unsupported carbides. Very similar
mechanisms of erosion wear for WC-Co hardmetals are reported
in [30], for example. The role of tetragonal zirconia grains is not so
clearly understood from the micrographs; some limited intergra-
nular cracking between WC and Y/ZrO2 can be observed (Fig. 6).
However, almost no transgranular crack propagation through the
zirconia clusters (except very large agglomerates) was observed. In
all probabilities, zirconium dioxide particles undergo the phase
transformation under applied load. Stress-induced transformation
consumes crack propagation energy relieving the stress concen-
tration. The resulting volumetric expansion closes tractions along
the crack reducing the driving force for its propagation. Transfor-
mation would result in volumetric expansions along the three axes
of the individual lattice directions of crystals that would be
randomly oriented. Some crack deflection or crack arresting near
zirconia particle could occur to dissipate some of the fracture
energy. Depletion of the protective binder remains unsupported or
weakly bonded with carbides; zirconia grains are removed from
the surface as a whole.

Fig. 6. SEM micrographs of the worn surfaces: (a, c) surface of VPSed composite at different magnifications and (b, d) surface of SPSed composite at different magnifications.



I Hussainova et al. / Wear 312 (2014) 83-90 89

Fig. 7. SEM images of the specimens subjected to abrasive wear: (a) pressureless sintered WC-Ni-Y/ZrO, and (b) spark plasma sintered WC-Ni-Y/ZrO,.

Table 4
Tetragonal zirconia transformability.

Material VPSwc_y-z:0,-ni SPS we_y-zr0,-Ni
m-Y-ZrO, (as-sintered) (%) 96+15 79+1.2
m-Y-ZrO, (eroded at 50 ms~"') (%) 36+5.5 275+3.7
t-Y-ZrO, transformability (erosion) ~40 ~29

m-Y-ZrO, (eroded at 80 ms~') (%) 56.8+4 384+57
t-Y-ZrO, transformability (erosion) ~63 ~41

m-Y-ZrO, (abraded) (%) 484 +4.6 549+35

t- Y-ZrO, transformability (abrasion) ~53 ~60

3.3.2. Abrasion

Fig. 7 shows the damage generated on the surface by silica
particles during abrasion tests. For consistency, the SEM examina-
tions were undertaken at the center of the wear scar [30] and the
direction of abrasive motion is shown by an arrow.

Extrusion and depletion of the binder phase occur very quickly.
The binder metal loss weakens the mechanical strength and
structural integrity of the surface layer. Fine carbide grains can
therefore be easily detached from the surface by a subsequent
event. The micrograph of the VPSed hardmetal reveals a severely
fragmented carbide structure; fine carbide grains in SPSed com-
posite seem to wash away of the surface. In both cases at the initial
stage of abrasive wear, abrasive particles selectively remove the
binder phase leading to the formation of small pits with inter-
granular facets. The removal of the binder-phase leads to the
lowering of fracture strength and development of plastic strain
within the surface layers of the sintered hardmetal [30]. The strain
developed is relieved by the formation of cracks within the carbide
grains along their slip planes [17,31] and possible phase transfor-
mation of the tetragonal zirconia exerted to high contact stress
during the initial entrainment resulting in maximum strain.

3.3.3. Effect of tetragonal zirconia transformability

To prove (or disprove) the possible effect of phase transforma-
tion on the erosive performance of the composites, the XRD
analysis of as-sintered and damaged surfaces was carried out.

The amount of the monoclinic phase at fracture surfaces
determines the extension of t—m transformation. Diffraction
peaks from monoclinic zirconia can hardly be detected in the as-
sintered specimen (Fig. 3). XRD observation of the worn surface
shows lowering of intensity of the tetragonal zirconia peaks due to
partial transformation into the monoclinic phase during erosion
wear. Table 4 presents fraction of monoclinic yttria stabilized
zirconia and transformability of its tetragonal polymorph, which
is defined as the volume percent of t-Y/ZrO, in the composite
before and after testing.

Low amount of monoclinic zirconia is indicative of an insuffi-
cient energy transmitted from the silica particles traveling at the
velocity of 50 ms~! during the erosion test for the transformation
of the tetragonal zirconia; however, when subjected to impact at
80 ms~! the transformability of the tetragonal zirconia is increased.
Therefore, the effect of possible phase transformation toughening in
the hardmetals doped by zirconia can be stated for the conditions of
high energy impacts of the erodent particles. However, much work
needs to be carried out before making any specific conclusions
because the effect of phase transformation toughening can be
masked by relatively higher density and hardness of the VPSed
hardmetal as compared to other materials. Abrasion resistance of
the SPSed composite is a bit higher as compared to other materials
despite lower fracture toughness; for such kind of test conditions,
the transformability of zirconia is the highest. This fact may suggest
the positive effect of zirconia transformation on abrasion resistance
of the hardmetals.

The stress state under which the tetragonal phase of yttria
stabilized zirconia undergoes martensitic phase transformation at
different conditions of loading remains to be further tested.
However, the development of the advanced structures of WC-Ni
hardmetals with enhanced mechanical properties and wear resis-
tance can be fulfilled by doping of the hardmetal matrix by oxide
ceramic particles.

4. Conclusions

Simultaneous increase in fracture toughness due to possible
stress induced transformation toughening of tetragonal zirconia
with increase in hardness due to grain growth inhibition during
processing allows considering the cemented carbides doped by
zirconia as promising tribomaterials. Optimized technological
process is of utmost importance in cemented carbides production
and utilization of mechanisms of transformation toughening.
However, to make more specific conclusions about the effect of
zirconia transformability on the wear performance of composites,
further research is needed.

Wear of doped cemented carbides is mainly controlled by
binder plasticity, strength of interparticle interfaces, cracking
tolerance (fracture toughness) of the individual WC grains, and
zirconia transformability.
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Abstract. Different process methods and parameters together with different amount of additives
were used to fabricate WC-Ni-ZrO, hardmetals with mechanical properties aiming at improved
performance under erosive wear. XRD observation showed the presence of tetragonal zirconia in
the cermet matrix after processing. The best erosion resistance with erosion rate of about 0.7
mm?®/kg was demonstrated by the specimen produced either by vacuum sintering or SPS and added
by 0.2 wt% of free carbon. This cermet has also demonstrated the highest hardness of 17.7 GPa.

Introduction

Zirconia, ZrO,, is considered as one of the most important ceramic materials in modern
technologies [1,2]. ZrO,-based ceramic alloys are known as the strongest and toughest single
phase-ceramic oxides yet produced [3]. Polymorphism, which gives ability to undergo crystal lattice
transformation from cubic to tetragonal and from tetragonal to monoclinic phase, makes this
material interesting for scientific studies and industrial applications.

The present study deals with zirconia containing hardmetals. The most commonly exploited
dispersed-zirconia ceramic system is ZrO,-toughened Al,O; (ZTA) that is utilized for grinding
media, metal cutting tools and biomedical applications [4]. The present paper is focused on
fabrication and testing of conventional WC — 8wt.%Ni (the matrix material) alloyed by partially-
stabilized zirconia (PSZ) in amount of 6 wt.%. To produce composite with microstructural
parameters sufficient for activation of the transformation toughening mechanism the processing
flaws should be kept to a minimum [5].

In order to clarify the influence of processing parameters on microstructure and mechanical
properties of the composites different techniques were used. Although milling and mixing
parameters have great influence on final properties of sintered parts (i.e. high energy attritor can
provoke spontaneous ¢ — m transformation of zirconia), the final properties and microstructural
parameters are defined during the sintering process.

The major challenge is the restriction of grain growth during processing. The promising
approach for improving densification at lower temperatures and shorter dwell times as compared to
conventional sintering routines is using spark plasma sintering (SPS) [6]. The microstructure
obtained by SPS differs from the microstructure of conventionally sintered composites, such as
vacuum pressureless sintering (VPS), for example, [7-9]. Because of structural sensitivity of many
mechanical properties, the effect of different sintering routes requires comprehensive
understanding.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 193.40.244.204, Tallinn University of Technology, Tallinn, Estonia-26/05/14,18:45:30)
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Experimental

Composites were fabricated from the blends of commercially available powders of WC
(Wolfram GmbH, Austria), Ni and PSZ (3 mol % yttria stabilized zirconia) (TOSOH, Japan) with
initial particles sizes of 0.9-1.1 um, 5-7 pm and around 29 nm, respectively. Some amount of
carbon (0.2, 0.4 and 1 wt.%) in the form of graphite was added to the initial compositions. The
purpose of adding C was to eliminate the formation of n-phase [7, 10]. The procedure of specimen
fabrication is sketched in Fig. 1. Two different milling techniques as well as two different sintering
routines were used.

Rotary ball milling Pre-compaction ; VPS sintering
72h 10MPa 1450°C, 1h
WCHNi+ZrO, \l/
\ Planetary ball milling SPS sintering o
6h 1275°C. 1min. SOMPa Characterization

Fig. 1. Schematic presentation of the main processes of fabrication

After sintering the densities of the composites were determined by Archimedes method. The
Vickers hardness was measured by Indentec 5030 SKV with a load of 20 kg according to ISO 6507.
Fracture toughness was evaluated with the help of IFT (indentation fracture toughness) approach
from the Vickers indent imprint. Toughness evaluation was made for Palmquist crack system on the
base of equations given elsewhere [11, 12]. The microstructure of the sintered compacts was
investigated by SEM (Zeiss EVO MA-15) and the phase structure was identified by X-ray
diffraction (XRD) with Cu-K,, radiation.

Solid particle erosion of the composites was studied with the help of a conventional centrifugal
four-channel accelerator [13]. The main idea of the erosion test was not only to define the wear
resistance of the composites produced by different methods, but also to activate phase
transformation in zirconia particles and therefore observe its effect. The erosion tests have been
performed using abrasive silica particles with size range 0.1-0.3mm at impact angle of 90° and
particle velocity of 50 ms™. Tests were conducted at room temperature and the erosion rate was
determined as volume loss of the target material per mass of the erodent particle.

Results

XRD analysis. The initial commercial 3 mol%Y,0s3 partially- stabilized zirconia powder, as-mixed
powders, sintered bulk samples and eroded surfaces were analyzed by XRD.

The initial zirconia powder showed the presence of about 90% of tetragonal and 10% of
monoclinic phases (Fig. 2a). The XRD analysis of the milled powders also revealed the presence of
tetragonal zirconia (Fig. 2b). Tetragonal zirconia was thus retained in the blend after milling.
Reason for successful milling and avoiding spontaneous transformation from tetragonal to
monoclinic is assumed to be the addition of ethanol as a process control agent PCA, thus making
cold welding processes less pronounced and impossible to impose stress necessary for
transformation of zirconia. Previous studies [14] have shown that dry milling in planetary ball mill
can provoke zirconia transition from one crystallographic system into another one.

XRD patterns showed no evidence of detectable phase transformation after the sintering with
either method (Fig. 2). In SPS relatively high mechanical pressure and Joule heating have not
considerably influenced transformation from tetragonal to monoclinic polymorph, neither the
addition of extra carbon to the initial composition has not had any significant effect on the state of
zirconia.
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Fig. 2. XRD patterns of a) initial ZrO, powder and b) powder and samples after processing.

Microstructure. Microstructure of the produced specimens varied significantly depending on
the sintering route, carbon content and method of mixing.

The images in Figs. 3a and b represent microstructures of SPSed specimens at 1275°C while
milled by different methods. It can be clearly observed that grain structure of the grade milled for
72 hours is finer than that milled in planetary ball mill for 6 hours at 350 rpm.

SR Ty *;‘Q
','!)—‘“f .‘ 44 \ 3‘ “ ‘

¥ » Yea s 4 y
A T R . ﬁ* SECe
'.“_. z o ’,..‘.’ . 3y ¢ : Pl

Fig. 3. a) Rotary ball milled for 72 h; b) Planetary ball milled for 6 h.

Fig. 4 demonstrates micrographs taken from the surfaces of the composites produced by different
sintering techniques and containing various carbon additions. Microstructures in Fig. 4a, b and ¢
were produced with VPS and have 0.2, 0.4 and 1 wt.% C, respectively. In the micrographs
discontinuous grain growth as a result of increasing carbon amount, was observed. However, this is
not the case for SPSed materials, which grain growth is minimal for all specimens, even for the
highest carbon addition (see details in [7]).
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Fig. 4. a) VPS 0.2 wt.% C; b) VPS 0.4 wt.% C; ¢) VPS 1 wt.% C; d) SPS 1 wt.% C

Mechanical properties and erosion resistance. Density, hardness and fracture toughness of the
specimens are listed in Table 1. Grades with 0.2 wt.% C have higher hardness and density as
compared to the grades with 0.4 or 1 wt.% C. However, the fracture toughness of these composites
is somewhat lower than that of the composites with 0.4 or 1 wt.% C.

Table 1. Properties of the samples produced by different techniques

C Milling Sintering Density Fracture toughness
[wi%] | Method | Method | [gem’] | MardnessGPal | Ty inipam!?)
02 Planetary SPS 13.25 14.9+0.27 -
ball mill

0.2 R"t;"iyuba” VPS 13.7 17.71+0.53 9.6+2.14
0.2 ROtEIYiyllball SPS 13.56 16.89+0.36 9.240.9
04 | Romvpal | ypg 1278 145503 11.720.96
04 ROtfnrﬁlba“ SPS 12.54 13.54£0.27 10.5+0.75

| Romyball |y 1271 12.74£0.15 13.11£1.15

1| Romball | gpg 1278 14.78£0.29 9.06+1.22
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Fig. 5 represents erosion rates of the grades doped by different carbon content and sintered with
different techniques. As it could be predicted, materials with lower carbon content and accordingly
higher hardness showed lower erosion rates than grades having higher carbon content and lower
hardness. Despite the fact that grades with higher extra carbon have higher fracture toughness
(Table 1), which is a critical parameter for wear resistance of brittle materials [15,16], their wear
rate is higher than grades with lower fracture toughness. Having the highest density VPS produced
specimen has also the highest hardness and wear resistance despite of relatively low value of IFT. It
should be mentioned that low energy loading does not allow transformation of zirconia to occur,
therefore, the fact of transformation toughening is masked by other processes during propagation of
the crack from the Vickers indent corner.

No straight dependence of erosion rate on sintering technique can be defined. For 0.2 wt.% C
added grades the VPSed specimen had slightly higher erosion resistance than the sample fabricated
with SPS. However, it should be noted that the difference is in the range of system/measurements
accuracy and also can reflect higher porosity of the SPSed specimen. The same behaviour is
observed for 0.4 wt.% C doped cermets, while the erosion rate difference was higher between
methods of production. For the 1 wt.% C cermets the wear resistance is higher for the SPSed
specimen. Its lower wear rate is most probably related to ultra-fine grain structure (Fig. 4d) and high
hardness.

XRD observation of the worn surface shows lowering of intensity of the tetragonal zirconia
peaks due to partial transformation into the monoclinic phase during erosion wear (Fig. 5b). Low
amount of monoclinic zirconia is indicative of an insufficient energy transmitted from the silica
particles traveling during erosion test for the transformation of the tetragonal zirconia. Therefore,
the effect of possible phase transformation toughening in the hardmetals doped by zirconia is
masked by the relatively low energy impacts of the erodent particles.

45
VPS ¢ ZrO, Tetragonal
N Vv ZrO, Monoclinic|
Tas ®WC
o :
2 ° Ni
o 3 —~
g 2,5 g
T‘.l; 2 >
& =
E 15 g
o L
3 1 E
; 0,5
0
OIZ 014 1 T T T T T
20 25 30 35 40 45 50 55 60
()
Carbon Content (wt.%) 2 Theta )
a) b)
Fig. 5. a) Erosion rates of the grades tested, b) XRD pattern of an eroded surface
Conclusion

In this study hardmetals with the additions of partially stabilized zirconia as a hypothetical
toughening agent and extra carbon were fabricated using different powders mixing methods and
sintering routines. XRD observations confirmed the presence of the tetragonal zirconia in powder
mixtures and composites after sintering, which indicates that processing did not cause spontanecous
transformation of zirconia. As XRD observation after erosion tests did not show the presence of
high amount of monoclinic polymorphs of zirconia on the worn surface suggesting that the erosion
test conditions were not severe enough to cause transformation. The erosion rate of the tested
specimens varied with carbon content and the best wear resistance of ~0.7mm’kg” was
demonstrated by the specimens with 0.2 wt.% C and produced by either SPS or VPS.
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ZrC based composites alloyed by nanosized tetragonal 3 mol% yttria stabilized zirconia were produced
with spark plasma sintering to > 98% of the theoretical density by sintering at 1900 °C under pressure of
50 MPa for 10 min. The volume fraction of stabilized zirconia varied from 25 to 40 vol% in the precursor
powder blend. Room temperature hardness and modulus of elasticity of the compacts were in the range
reported earlier for similar materials densified by pressureless sintering, while indentation fracture
toughness was around 7 MPa m

12 Structural analysis indicated formation of oxycarbides of various

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium carbide (ZrC) is one of the ultra-high temperature
materials (melting point is about 3530 °C) commercially adopted
in tool bits for cutting tools and can be suitable for many other
applications such as crucibles, re-entry vehicles, jet engines or
supersonic vehicles where low density and high-temperature
load-bearing capability constitute the most important require-
ments [1,2]. Due to the presence of metallic bonding, ZrC has
thermal and electrical conductivity that is comparable to the
zirconium metal. High hardness (~25GPa) and modulus
(~390 GPa) combined with a relatively low density (6.63 g cm—3)
makes this material particularly attractive for tribological applica-
tions. Zirconium carbide was densified to 98% of relative density
by conventional hot pressing at 2300 °C applied for 60 min under
the pressure of 40 MPa [3]. However, low sinterability of powders
and poor fracture toughness of bulks (<4 MPam'?) limit the
wide application of ceramics based on ZrC. One of the promising
approaches for improving sinterability and material reliability
includes the use of sintering additives. For example, the use of
molybdenum as a binder agent for liquid-phase sintering of ZrC-
Mo cermets has resulted in mechanically enhanced bulk materials
[4,5]. The addition of zirconium diboride was reported to enhance
the densification of ZrC-based composites of low porosity level
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(2-4%) [6]. Silvestroni et al. observed formation of binary phases of
ZrC-MoSi, and ternary phases of ZrC-HfC-MoSi, and ZrC-ZrB,-
MoSi, [6]. New phases such as (Zr, Hf)C solid solutions, SiC and Zr-
Mo-Si secondary phases were detected after a heat treatment at
1900-1950 °C in 60 min. The room temperature mechanical prop-
erties of these materials were comparable to properties of ZrC
bulks produced by the pressure-assisted technique. Fracture
toughness values in the range of 3.5-4.0 MPa m'/? give no evi-
dence of significant toughening in the composites. In [7], yttria
stabilized zirconium dioxide was tested as sintering additive
for zirconium carbide consolidation. The mixtures of ZrC with 20-
40 wt% ZrO, were sintered to near theoretical density at tempera-
tures >2000 °C and dwell time >1h. The final microstructure
consisted of a dispersed zirconia in continuous oxycarbide matrix.
Zirconium carbide exhibits a rock salt structure (Fm—3m space
group), in which the oxygen can either be incorporated into the
vacant sites or be partially substituted by carbon. It is believed that
formation of defective oxycarbides enhances the diffusion and
densification in carbide matrix [7,8]. Formation of ZrC,0, com-
pounds in the ZrC-ZrO, system at temperatures around 2000 °C
was outlined in [9] and maximum solubility of oxygen in zirconium
carbide at this temperature was found not to exceed 15 at%. The
composites of ZrC,0,~ZrO, sintered at 1800-2000 °C in an argon
atmosphere in a graphite tube furnace possessed a four-point
bending strength of 220-320 MPa and a fracture toughness of 4-
58MPam'? [7]. The moderately high fracture toughness of
58 MPam'? was associated with the presence of tetragonal
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zirconia, which induced toughening through residual stresses and
possible transformation of zirconia grains.

Utilization of zirconia (ZrO,) as a ceramic sintering additive has
been extensively studied for the last few decades [10-13]. More-
over, among oxide ceramics, tetragonal zirconia polycrystals (TZP)
have an excellent combination of strength and toughness, wear
resistance, as well as high chemical and corrosion resistance [10].
Due to the stress-induced martensitic phase transformation of the
metastable tetragonal phase to the monoclinic polymorph (t—m),
zirconia is expected to increase the fracture toughness of compo-
sites [14,15]. Factors controlling the transformation include the
size, charge and amount of stabilizer cations [14,15]; the grain size
and grain size distribution [12,16]; residual stresses [17]; tem-
perature; oxygen vacancy concentration; thermal expansion ani-
sotropy of the t-ZrO,; and microstructural constraints imposed by
inert non-transforming phases [15-19]. The tetragonal phase of
Zr0O, can generally be stabilized by dopants; and yttria (Y,03) is
one of the most commonly adopted ones. For example, optimal
mechanical properties and electrical conductivity of ZrO,-40 vol%
WC composites were found for zirconia, which was stabilized with
2 and/or 3 mol% Y,03 [11,20,21]. The presumed successful incor-
poration of stabilized tetragonal zirconia is expected to increase
the fracture toughness of ceramic composites, as well as to
improve material performance at tribological conditions. The
processing parameters influence zirconia polymorphism and,
therefore, the recent developments have focused on technologies
that allow retaining tetragonal zirconia after sintering for possible
phase transformation toughening of the material containing
t-Zr0, [10,21-23].

With field-assisted sintering, also known as spark plasma sinter-
ing (SPS) or pulsed electric current sintering, which employs a pulsed
DC current, it is possible to consolidate powders to full density much
faster and at lower temperatures than with traditional methods such
as pressureless sintering and hot pressing [21-23]. In particular, the
SPS method has potential to maintain the nano and sub-
microstructure in nanopowder-based materials after consolidation
[22]. The present study focuses on (i) densification behavior of the
ZrC-ZrO, composite system by spark plasma sintering; and (ii)
mechanical characterization of the sintered bulks.

2. Experimental procedure
2.1. Materials and processing

Commercially available zirconium carbide (ZrC) powder (parti-
cle size around 3.5 pm; Strategic Metal Investments Ltd., Canada)
was mixed with 25 and 40 vol% partially 3 mol% yttria stabilized
tetragonal zirconia (t-ZrO,) nanopowder of 99% purity (average
primary particle size 30 nm and agglomerate size about 0.2 um;
Tosoh, Japan). The blend was milled in a planetary ball milling
device (Fritsch, Pulverisette 6 classic) with ZrO, balls (g 10 mm)
and a ball-to-powder ratio of 4:1 for 6 h at 300 rpm in ethanol.

Spark plasma sintering (FCT HPD 25-2 GmbH with vertically
positioned pyrometer for temperature control) was performed in
vacuum at 1600-1900 °C. A pulsed electric current with pulse
duration of 10 ms and pause time of 5 ms was applied throughout
all sintering cycles. The powder blend was poured into a cylind-
rical graphite die with an inner diameter of 20 mm and sintered
for 10 min. The heating rate was set at 100 °C/min up to the
sintering temperature and the cooling rate was ~200 °C/min. The
relatively low heating rate was applied since a high heating rate
can cause temperature gradients and subsequently sintering
inhomogeneity, leading to non-uniform microstructural and
mechanical properties of the sintered parts [3,21,22]. ZrC-YTZ
composites were densified by means of a solid state sintering,

which is a common procedure for producing high temperature
ceramics and composites. Densification at the solid state is con-
trolled by diffusion and a large part of the densification in SPS
occurs already during heating. Slow heating rate enhances the
densification. The applied pressure of 50 MPa was adjusted to the
powder at room temperature and kept constant throughout the
experiment. The load was applied at the beginning of the sintering
process because high green density is favorable for better densi-
fication rate by reducing the pores prior to the densification during
heating. Graphite papers were employed to separate the powder
from the graphite die/punch set-up.

2.2. Material characterization

Specimen density was measured by means of Archimedes’
method with distilled water as an immersing medium. The bulk
Vickers hardness was estimated with Indentec 5030 SKV at the
load of 98.1 N applied for 15 s according to ISO 6507. Modulus of
elasticity was measured with the indentation technique as
described in [25] according to EN ISO 14577 (ZHU Zwicki-Line
Z2.5). The indentation fracture toughness (IFT) was calculated by
resorting to the both Palmqvist and Median crack systems [26].
The surface cracks initiated by the indent were measured with
SEM microscopy (TM Hitachi 1000, Japan). A large load of 50 kg on
the indenter was applied to drive the well-distinguished surface
cracks and mitigate any surface effects. The reported hardness and
fracture toughness constitute the mean and standard deviation
values of 10 indentations.

The microstructure of the polished samples was examined by
means of Scanning Electron Microscopy (SEM, Hitachi S-4700,
Japan). The chemical compositions of the powder mixtures and
bulk samples were analyzed with the help of X-ray diffraction
analysis (XRD, Philips PW3830 X-ray Generator, 4 kW, Cu-Anode)
using CuK, radiation at the accelerating voltage of 40 kV and a
filament current of 30 mA with a scan step size of 0.02° and a
count time of 0.4 s at each step. X-ray diffraction was applied for
phase identification and calculation of the relative monoclinic and
tetragonal ZrO, phase content following the method of Toraya
et al. [26]. The transformability of a ceramic is defined as the
difference in m-ZrO, content detected from fractured and polished
surfaces.

3. Results and discussion
3.1. Precursor powders

A survey of the yttria stabilized zirconia (YTZ) peaks indicates
that in the precursor powder, zirconia was in its tetragonal
polymorph and the powder blend mixed in ethanol showed
insignificant t-m phase transformation (Fig. 1) during processing.
The mixing of the carbide-oxide blend revealed no notable solid-
state reactions between ZrC and YTZ; XRD investigation indicated
the presence of tetragonal yttria stabilized zirconia and cubic
zirconium carbide as the major phases in the precursor.

In essence, powder particles can be considered hierarchically
structured agglomerates of nano-sized zirconia dispersed between
and/or on the surface of zirconium carbides, Fig. 2. Therefore, bi-
model pore size distribution is expected in the final product
because the densification of agglomerates is easier than elimina-
tion of inter-agglomerate pores.

3.2. Densification

Near full densification of ZrC-ZrO, composite by means of
pressureless sintering at temperatures higher than 2000 °C was
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Fig. 1. XRD patterns of zirconia precursor powder and ZrC-YTZ composite
powders.

Fig. 2. SEM micrograph of the precursor powder of ZrC-40 vol% YTZ composition.

reported in [7]. SPS is a consolidation method, in which mechan-
ical pressure is combined with electric and thermal fields to
enhance interparticle bonding and densification [21]. The densifi-
cation curves of the ZrC-YTZ powder compacts are presented in
Fig. 3, which demonstrates the movement of the upper electrode
during the process as a function of sintering time. When the
pressure is applied at room temperature, the displacement is
positive and the powder is compressed to its green density (stage
1). The displacement at heating is in the opposite direction due to
expansion of the graphite molds (stage 2). No substantial densi-
fication was observed below 1000 °C. Rapid shrinkage of the
composite compacts started during the heating from 1000 to
1700 °C (stage 3). Incorporation of a nanocrystalline ZrO, sinter
additive reduces the sintering temperature required for achieving
near theoretical density of WC-based ceramic composites [24]; the
similar mechanisms should, in principal, operate for densification
of ZrC. The goal was to produce a fully dense composite with
optimal mechanical properties. Hence, the attempt to densify the
composites was performed at a temperature as low as 1600 °C.
Also, pure ZrC powder was sintered as a reference material,
revealing that the temperature of 1900 °C applied for 10 min at
50 MPa was insufficient for full material densification.

The onset of densification of ZrC-40vol% YTZ composition
sintered at 1900 °C was almost achieved during the first minutes
of the dwell period. However, insignificant piston’s movement was
registered during the entire dwell period. ZrC-25 vol% YTZ com-
position was sintered at the same dwell time and temperature.
Densification of this composition started at 1100 °C implying that a
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Fig. 3. The densification curves for (a) ZrC-40 vol% YTZ composition and (b) ZrC-
25 vol% YTZ composition.

Table 1
Designation and density of the sintered materials.

Zr0y Designation Temperature, Theoretical Measured Relative
content, °C density, g/ density, g/ density,
vol% cm’ cm’® %

0 ZrC 1900 6.63 6.38 96.2
25 25YTZ 1900 6.43 6.31 98.6
40 40YTZ_1 1900 6.36 6.33 99.5
40 40YTZ_2 1600 6.36 6.2 98

higher temperature is required to fully densify the lower zirconia
content material. The densification curves plotted in Fig. 3a and b
reveal several large peaks that can be attributed to application of
the pressure to a “cold” precursor powder in the mold, and then to
the start of a diffusion-aided compaction under heating. The large
peak at 1850 °C, Fig. 3b, is due to the overshooting of the set
maximum temperature and, consequently, reducing of the applied
current.

The calculated theoretical density of the composites (according
to the rule of mixtures on the basis of the starting nominal
compositions assuming no impurities, no porosity and no reac-
tions and transformations during processing) is 6.43 g/cm?> for
ZrC-25 vol% YTZ (grade 25YTZ) and 6.36 g/cm> for ZrC-40 vol%
YTZ. Designation of the grades and the measured densities are
summarized in Table 1. Assuming there were no significant phase
transformations or spurious phase formation during sintering,
densification greater than 98% of the theoretical density by SPS
route can be stated. Fine rounded pores are homogeneously
distributed mostly along the grain boundaries.

The effectiveness of the SPS route over pressureless sintering is
demonstrated by the fact that near full densification of the compo-
sites of the same composition requires about 400 °C lower tempera-
tures and only 10 min of holding time in contrast to longer than 1 h.



78 I Hussainova et al. / Materials Science & Engineering A 597 (2014) 75-81

Fig. 4. SEM images of (a) 40 vol% YTZ composite sintered at 1900 °C for 10 min; (b) 25 vol% YTZ composite; and (c) high magnification SEM of 40 vol% YTZ composite with

elemental analysis by EDS.

Sintering of pure ZrC requires temperatures higher than 2000 °C. The
presence of zirconium dioxide enhances the densification kinetics
during SPS treatment. Additional oxygen vacancies influence the
mass transfer by diffusion of atoms, and, consequently, the process of
sintering [8,21-24]. Another reason for enhancing sintering kinetics
can be related to the size effect [24]. Well dispersed nano-sized YTZ
particles with a high specific surface area promote a greater grain-
boundary diffusion.

3.3. Microstructure and constituent phases

The microstructure of the sintered composites was analyzed by
examining the polished surfaces with SEM, as presented in Fig. 4.
Two phases are well distinguished on the micrographs: light areas
represent ZrC and dark areas yttria stabilized ZrO,. Zirconia is
found in the well-dispersed clusters that increase in size with the
increase in YTZ content. Zirconia seems to form an interconnected
phase in the composites. The ZrC grain size is difficult to deter-
mine because of the inability of chemical or thermal methods to
etch the specimens. However, some individual grains can be
distinguished (Fig. 4c) and their average size does not exceed the
size of the starting ZrC particles, suggesting that ZrC grain growth
is minimal during the process of densification; only the average
size of YTZ clusters was somewhat smaller in the composite with
40 vol% YTZ. Minimal grain growth is typical for SPS processing
[21-23]. The shrinkage between 1000 and 1100 °C, Fig. 3, can be
attributed to the densification of ultrafine-sized YTZ aggregates
around micro-sized ZrC particles. Minor grain growth (grain
growth factor about 1.7) was observed after the spark plasma
sintering of pure ZrC, which was densified to 96% of its theoretical
density under given conditions.

XRD patterns of the sintered composites are presented in Fig. 5.
Tetragonal yttria stabilized zirconia polymorphs are detected on
both patterns, assuming the possibility of stress-induced transfor-
mation at the tip of the propagating crack caused by loading.
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Fig. 5. XRD patterns of the bulk samples.

Tetragonal zirconia was found on the surface of the specimens
sintered at both temperatures: 1900 °C and 1600 °C. Dissolved
oxygen is known to reduce the lattice parameters in Group IV
carbides and ZrC tends to gather oxygen up to several percent
when heated. The Zr-C system contains one cubic compound, ZrC;
its lattice parameter varies with oxygen contamination, noticeably
decreasing from a=0.4698 nm for ZrCy9; down to a=0.4673 nm
for ZrCo6900.15 [7,8]. Up to 1600 °C, the ZrC phase represents its
initial state of ZrCg g4 stoichiometry with no detectable change in
lattice parameter of 0.4694 nm. A slight decrease in the lattice
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parameter to 0.4688 nm (or the displacement of the diffraction
peaks toward higher diffraction angles) of ZrC in 25YTZ grade after
sintering at 1900 °C suggests the formation of Zr-C-O compound
of most probably ZrCo9Op; stoichiometry. A decrease in lattice
parameter to 0.4680 nm implies formation of oxycarbide matrix of
ZrCosCo- in 40YTZ_1.

3.4. Mechanical properties

The mechanical properties are listed in Table 2. The measured
Vickers hardness of the spark plasma sintered bulk ZrC is around
20 GPa that is well below the values reported for monolithic
zirconium carbide (~25 GPa) [2]. It is well-established that the
closed porosity can reduce the hardness exponentially as outlined
by Wu and Rice [28]. The hardness correction for porosity can
generally be estimated as H ~ Hy x e~ °", where H is the measured
hardness, Hy is the hardness of the material with no porosity, P is
the volume fraction of porosity, and b is a characteristic number
for the porosity that is based on shape and distribution [28]. In this
case, the b factor of 3 was adopted for the dispersed spherical
porosity observed in the microstructure. When the hardness of ZrC
was corrected for porosity, Hp had a value of about 21.8 GPa, which
was about 8% greater than the value measured in the present
study. If the rule of mixture was followed, the theoretical hardness
of the ZrC-40 vol%YTZ specimen should be at least 17.9 GPa due to
a high content of zirconia phase (reported hardness of yttria
stabilized zirconia ranges from 11 to 13 GPa). However, hardness
is also affected by residual porosity, the relatively coarse micro-
structure and distribution of constituents. The hardness of the
ZrC-25 vol%YTZ grade is lower than the hardness of the grade
with higher zirconia content. This may be attributed to a lower
degree of densification due to a poorer sinterability of the material
with higher ZrC content and a short dwell time.

A wide variation of the hardness values around the average
value suggests a non-homogeneous phase distribution throughout
the material. Also, the oxycarbides of different stoichiometries
may have intrinsically different moduli and hardness. Indeed, a
significant influence of the chemical composition on the mechan-
ical properties of ZrC,0, was demonstrated in [8]. It was revealed
that the incorporation of oxygen in zirconium carbide lattice
results not only in noticeable enhancement of the densification
kinetics but also in decrease in mechanical properties.

The measured moduli of elasticity are summarized in Table 2.
The elastic modulus was expected to decrease with increasing
zirconia content due to lower modulus of yttria stabilized zirconia
adopted in this study (~205 GPa) as compared to ZrC (~392 GPa,
[2]). The measured modulus of elasticity of ZrC, however, was
lower than reported in [2]. No significant difference in the moduli
of composites was revealed; the elastic moduli were between 249
and 260 GPa for the composites tested.

Several models have been developed to predict the modulus of
elasticity of multi-phase materials [29,30]. The Hashin and Shtrik-
man relation [29] draws on the shear and bulk moduli of the

Table 2

Mechanical properties of the composites.
Grade Modulus, Vickers hardness,  IFT (P¥), IFT (M**),

GPa GPa MPam'/? MPam'/?

ZrC 363 +33 202+235 25+13 -
25YTZ 258 +25 1517 £ 0.82 724+22 89+32
40YTZ_1 259 +23 15.52 +£0.58 733+12 89+29
40YTZ_2 249 +28 15.1+1.85 583+3 71+4

IFT=Indentation fracture toughness.
P* Palmqvist crack.
M** Median crack.

material along with volumetric and stored energy considerations
for each phase. A model proposed in [30] combines a volumetric
rule of mixtures with phase contiguity. A detailed analysis of
the models’ predictions is out of scope of this paper, while a
description of the approach is given in [31]. It was obtained that
the theoretical predictions are in close proximity to a normal
volumetric rule of mixture for the composites giving modulus of
elasticity 286 GPa for 40 vol%YTZ and 328 GPa for 25 vol%YTZ. The
low values of measured hardness and modulus can reflect the
influence of the residual porosity, which seems to be larger than
that concluded from comparative analysis of the measured and
theoretical densities and presence of the monoclinic phase along
with tetragonal zirconia, as well as presence of oxycarbides.
Indentation fracture toughness (IFT) of the composites is listed
in Table 2. Spark plasma sintered ZrC has the lowest fracture
toughness ( ~ 2.5 MPam'/?) and the 40 vol% YTZ composition has
the highest toughness ( ~ 8.9 MPam'?). A moderately high stan-
dard deviation is indicative of the inhomogeneity in the micro-
structure and influence of residual porosity on IFT. In comparison to
IFT values of HP composites found in literature [5], these values are,
nevertheless much higher. The fracture toughness of a hot pressed
ZrC was estimated to be as low as 1 MPam'? while fracture
toughness of ZrC-40 vol%Mo as high as 6.6 MPam'/? in [5].
Increase in IFT for ceramic-metal composites with increasing
metal phase content is a well-documented fact [4,32]. In the
present work, an increase in IFT may be partially attributed to
the presence of tetragonal zirconia. Transformation toughening in
zirconia ceramics has been widely studied [14-16,33]. The volume
change accompanying the transformation creates a compressive
strain field around a crack tip to oppose crack propagation, while
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Fig. 6. Representative SEM images of the fractured surface of 25YTZ grade (a); and
X-ray diffraction pattern of the fractured surface of 25YTZ grade (b).
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Fig. 7. Representative SEM images of (a) indentation imprint; and (b, ¢, d) cracks propagating from the corner of indent taken from the surface of the ZrC-40 vol% YTZ

composite.

the strain energy associated with any net shear component of the
transformation strain in the transformation zone contributes to an
effective increase in the energy of fracture [14]. The chemical
composition and grain size dictate the t-ZrO, transformability.
It was estimated that for 3 mol% yttria stabilized zirconia, the critical
grain size is about 1 um [34]. Nevertheless, in multi-phase materials,
the critical grain size is also affected by matrix constraint and residual
stresses. The matrix constraint is related to modulus of elasticity of
the matrix. Materials produced in the present study exhibit a
network of zirconia (matrix) instead of well-distributed individual
grains. In order to assess material’s transformability, the difference in
monoclinic phase content on the polished and fractured surfaces, i.e.,
the fraction of stabilized zirconia transformed into monoclinic phase
during fracture, was determined with XRD measurement. The
volume fraction of m-ZrO, is calculated based on the intensities of
the (111) and (111) reflection peaks of monoclinic phase and (111)
peak of tetragonal polymorph measured on polished and fractured
materials, in accordance with the procedure described in [27]. The
level of zirconia transformed was estimated at about 32% for the
40YTZ_1 grade; 26% for 40YTZ_2 grade; and 36% for 25YTZ grade.
The transformability of the tetragonal zirconia decreased from 36% in
25 vol%YTZ containing composite down to 32% in the composite with
40 vol% of yttria stabilized zirconia. Reducing transformability in the
40YTZ_1 grade explains the similar values of the indentation fracture
toughness of the composites despite the relatively large difference in
zirconia content: toughness increases with increase in transform-
ability, indicating that the stress-induced phase transformation can
constitute one of the mechanisms responsible for toughening. The
representative SEM image and XRD pattern of the fractured surface
of 25YTZ grade are shown in Fig. 6.

The toughening mechanism based on mismatch in coefficients
of thermal expansion (CTE) can also operate in a multi-phased
material. CTE of zirconia (about 10 x 10~6°C~1) is higher than that
of zirconium carbide (about 6 x 10~¢ °C~1). After cooling to room
temperature the zirconia phase is placed in tension and ZrC in
compression, which can additionally contribute to fracture tough-
ness, as lower critical stress is needed for transformation of the
particle under tensile residual stresses.

Fig. 7 shows the SEM micrographs of the indentation crack
propagating from the corners of the Vickers indent. In all prob-
ability, the advanced crack transforms some of the zirconia
particles occurring in the path of crack tip, leaving behind regions
of permanently transformed material. The crack propagates pre-
dominantly along the grain boundaries, indicating an intergranu-
lar character of cracking; ZrC grains tend to deflect the crack.
Therefore, the multiplicative interactions such as crack deflection
and branching combined with transformation toughening are
evident and can be regarded as operating toughening mechanisms
in the composites.

4. Conclusions

Near fully dense and free of impurities ZrC-YTZ composites
containing the tetragonal polymorph of zirconia can be obtained
within 10 min treatment at 1900 °C under pressure of 50 MPa by
means of the SPS technique. Hardness and modulus of elasticity
were evaluated to be around 15 GPa and 260 GPa, respectively,
while the indentation fracture toughness was measured to be
above 7 MPam'?. The main toughening mechanisms in the
produced composites include the phase transformation from
tetragonal to monoclinic polymorph of yttria stabilized zirconia
combined with crack deflection and branching. An increase in
transformability results in increase in fracture toughness, regard-
less of the volume fraction of the YTZ phase. The reaction of the
zirconium carbide with zirconium dioxide in a vacuum at tem-
peratures in the range of 1600-1900 °C leads to formation of
oxycarbides of various stoichiometries. The presence of oxycar-
bides affects the mechanical properties of the composites; how-
ever, this phenomenon requires further investigation.
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Abstract

A novel type of alumina nanofibers has been used for fabrication of the alumina toughened zirconia composites and the effect of different
sintering techniques on the characteristics of the material was studied. ZrO,—10 vol% Al,O3 composite was consolidated by spark plasma
sintering (SPS) in a temperature range from 1000 °C to 1200 °C and by pressureless sintering in air at 1300 °C. Dilatometry sintering of the said
composite material was performed in order to assess its sinterability. Al,Oz used in fabrication of the composite is a novel type of alumina
nanofibers and thus the effect of different sintering techniques on the formation of the material was investigated. Microstructural analysis has
revealed that Al,O3 nanofibers partially retained their fiber states after being sintered at 1100 °C under SPS conditions while some of the fibers
turned into rounded inclusions. Specimens produced by the SPS routine at temperatures of 1100 °C and 1200 °C were consolidated 93% of
theoretical density while the same material sintered with the conventional PM method in air had a densification degree of 74%.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Spark plasma sintering; Ceramic composite; Microstructure; Fibers

1. Introduction

Zirconia toughened alumina (ZTA) is one of the most
known and widely used ceramic composite materials (CMC)
yet produced. This is a material based on alumina which
contains different amounts of zirconia added to it as a sintering
aid, toughening agent or as both [1-3]. It is also called as the
alumina—zirconia composite and is designated as AZ.

In the previous decade, a considerable amount of work has
been done on the alumina zirconia ceramic composite system
with a particular emphasis on improving the mechanical
properties, utilizing the recognized toughening mechanisms
[4]. Noted for their mechanical properties, AZ composites are
commonly used in structural applications, such as cutting
tools, grinding media and in many medical applications.
Additionally, AZ composites feature high strength, fracture
toughness, elasticity, hardness, and wear resistance, and one

*Corresponding author. Mobile: +372 58451639.
E-mail address: nikolai.voltsihhin@ttu.ee (N. Voltsihhin).

of the main properties of this ceramic is biocompatibility.
Usually AZ composites contain 80-95% of alumina and 5-
20% zirconia, and this material is called ZTA. However, there
are cases where zirconia is used as the main phase and
alumina is a doping additive for increasing properties [5]. In
this case, the composite is called alumina toughened zirconia
(ATZ). It seems that so much is already done and those
composites are depleted for scientific studies. However, using
new approaches for well-known materials compositions is
always of a scientific interest, whether the approach is a new
production technique or an improved type of the same
constituent material or combination of both.

There are some research already done with this family of
materials reinforced by whiskers [6,7]. In order to deepen the
understanding of the movement of siliceous phase in YSZ
compacts with alumina single crystal rods and facilitate the
improvement of grain-boundary conductivity in SOFC elec-
trolytes Knibbe et al. experimented and discussed the
mechanism that alumina plays on the sintering behavior of
zirconia.

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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Alumina nanofibers (ANFs) have recently been introduced
to the market of ceramic materials and therefore have a wide
potential. This material can be used as a performance enhan-
cing additive in coatings, polymers, ceramics and other raw
materials in order to boost critical physical properties in the
end-products. In this study ANFs are applied as potential
whiskers like reinforcement for the zirconia matrix. Whiskers
reinforcement of ceramics is a well-known technique for
increasing mechanical properties of the CMCs [8]. The
diameter of the alumina fibers can be of two sizes — 7 and
40 nm. Due to the nanostructure of the fibers and the initial
gamma phase they have a large surface area, while being very
closely agglomerated together, because of the attraction forces
acting in between. This property of the ANFs gives a challenge
of accurate dispersion of the nanofibers in the composite.
Another property of the fibers is their thermal stability at
temperatures of up to 1100 °C after which gamma phase of the
fibers will undergo transformation to alpha phase and fibers
will decompose into particles [9]. This property makes these
fibers useful for refractory applications and at the same time
creates a challenge to produce dense ceramic composite
materials. The conventional sintering temperature for obtaining
near full density material from nanosize zirconia and alumina
is in the range of 1300-1500 °C. This is a challenge where
non-standard, pressure-assisted sintering technologies, such as
hot press (HP) or SPS, should be used [10]. It has already been
shown that nanosized aluminum oxide can be sintered at
temperatures as low as 1225 °C and that the SPS technology
significantly decreases the densification temperature of the
materials, especially if they are of nanoscale [11,12].

In this research an attempt to produce near full density
material of the ATZ composite with the ANF whiskers
thoroughly dispersed into zirconia matrix, at temperatures
ranging from 1000 to 1200 °C, with the help of the spark
plasma sintering technique was made.

2. Experimental

Partially stabilized zirconia (PSZ) nanosize powder was
purchased from TOSOH (Japan) TZ-3Y-E. Average particle
size of the powder is ~25nm. Gamma-alumina nanofibers
had the average diameter of 40 nm and length of 4 cm (length/
diameter ratio of 10_6), The obtained raw materials were
mixed in the amount of 90 vol% of zirconia and 10 vol% of
alumina, using the rotary ball mill technique for 24 h in
ethanol environment for better dispersion of the fibers.
Zirconium oxide grinding balls of 10 mm diameter were used
for mixing. After mixing powders were characterized with
SEM for the dispersion of fibers in zirconia. For better
understanding of the sintering processes such as densification
behavior taking place inside this composite dilatometry
(Setaram, TMA Setsys 16/18, France) sintering was done at
a constant shrinkage rate up to the temperature of 1475 °C.
Sintering of the produced powders was done using a SPS
furnace (Dr. Sinter, SPS-510CE, Japan) at 100 °C/min,
50 MPa pressure, for 5 min dwell time and using graphite

molds with 10 mm diameter. Three different temperatures were
tested: 1000, 1100 and 1200 °C to see the effect of increasing
temperature on the densification behavior in the SPS furnace.
Sintering in air environment at 1300 °C for 1 h was done, in
order to study the properties of the ATZ produced by the
conventional sintering technique and to compare them with the
SPS sintered ones.

After sintering obtained samples were characterized for
density, hardness, elasticity modulus and microstructural
properties and X-ray analysis was done for identification of
the phase present in the samples. Density was measured using
a geometrical approach, hardness was measured with the help
of a Vickers tester (Indentec 5030 SKV) under the load of
100N, and elasticity modulus was measured using ZHU
zwicki-Line 2.5/Z2.5 universal hardness testing machines
under the load of 100 N, according to [13]. Microstructural
characterizations were done using a Zeis EVO MA15 scanning
electron microscope. XRD analysis was done using a Bruker
(Siemens Bruker D5005 analyzer with CuKa-radiation).

3. Results and discussion
3.1. Mixing and dispersion of the fibers

As it was already mentioned before, fibers exist in the
agglomerated form of huge bundles and that is why one of the
most important steps in their processing is their dispersion and
separation from each other. Fibers are easily dispersed in
different liquids such as water or ethanol; however, after
drying nanofibers get attracted to each other and they become
agglomerated again. In order to avoid agglomeration and
bundle formation after drying each fiber should be separated
from one another with a layer of some other material. In Fig. |
the powder obtained after ethanol mixing can be seen.

Fig. la is the common view of the mixed powder and
anything can hardly be seen at this magnification. At a higher
resolution (Fig. 1b), the picture becomes clearer, and it can be
seen that nanosized zirconia is mixed with alumina fibers.
Circles in Fig. 1b show the places where alumina fibers are
located. From this image it can be concluded that fibers are
quite homogeneously distributed with zirconia and most of
them are separated from each other, being caught by the
groups of zirconia nanoparticles.

High resolution SEM image can be seen in Fig. 1d. It
demonstrates a closer view and from this the size of the fibers
or whiskers can be measured. The length of the fibers
identified from this area of the mixture varies from 300 nm
to 2.3 pm, which means that the aspect ratio of whiskers
(length/diameter) is spread from 8 to 60. Hence, it can be
concluded that there are whiskers of alumina nanofibers having
different lengths and located separately from each other in the
zirconia matrix. Nevertheless, there are places where fibers are
not so well dispersed and they stay in the bundle state having a
length of about 3-5 pm while having hundreds and thousands
of fibers bonded together with attraction forces (Fig. 1c).
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Fig. 2. Dilatometry curves of the ATZ material at a constant shrinkage rate.

3.2. Dilatometry sintering

Dilatometry sintering at a constant shrinkage rate was done
in order to see the densification behavior of the powders in
pressureless conditions, in order to be able to design a
pressureless sintering cycle for this material and to compare
the pressureless dilatometry measurements with measurements
obtained after spark plasma sintering densification.

There are two graphs representing dilatometry measure-
ments of the alumina toughened zirconia material in Fig. 2, for
better understanding of the densification process. Graph “a”
represents the original measurement and shrinkage dependence
on time and temperature, which can be also named as the
heating rate curve as the curve changes in dependence to
time. Here the shrinkage curve behaves linearly and an

increase in densification can be understood from the heating
rate curve, which slows down to maintain the constant
shrinkage rate. Graph “b” shows shrinkage dependence on
temperature only, in order to see inconstant movement of the
shrinkage curve and its dependence on the temperature. From
both of the graphs, the temperature at which densification
occurs can be found. In graph “a” heating rate slows down to
some extent after 150 min of sintering at a temperature of
about 780 °C for few tens of minutes and then, after
continuous heating of about 20 min with a lower ramp up to
the temperature of about 1070 °C, the heating rate slows down
to keep the constant shrinkage rate up to 1200 °C temperature.
After 1200 °C the temperature rise becomes faster, indicating
end of the main densification step. The same values can be
derived from graph “b”. It can be seen that in the temperature
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Fig. 3. Displacement curves of the SPS sintering cycles of the ATZ material.

range 0-760 °C the displacement of the material is almost
zero. In the temperature interval from 760 °C to 1070 °C
displacement occurs smoothly for about 5%. After the tem-
perature of 1070 °C densification occurs sharply up to the end
of the heating — 1475 °C, when the shrinkage reaches almost
30%. Therefore, two temperature steps at 780 °C and 1070 °C
can be named as the main shrinkage passages. Shrinkage at
780 °C is insignificant and most probably occurs due to
monoclinic to tetragonal thermal phase transformation of
PSZ which has a small amount of monoclinic phase initially.
The second shrinkage step is more considerable and can
include few processes. One can be prolongation of zirconia
transformation, because it can be seen in Fig. 2b that the
shrinkage starts at 780 °C and gradually goes to the next
shrinkage step. Another process that can take place at the
temperature of 1070 °C is the beginning of densification
activity of zirconia nanoparticles and alumina nanofibers. It
is a known fact that lower the size of the particles, higher is
their surface energy and more readily they will form bonds
with each other. It has already been shown before that
composite ceramics with this specific grade of PSZ will start
to densify at about the same temperature at which densification
occurs in the present study [14]. Another reason for such a
rapid shrinkage can be attributed to the beginning of gamma to
alpha phase transformation of ANFs, which can be explained
by the very high local temperature gradients, exceeding critical
values in some regions of the samples, where nanofibers
cannot resist the transformation processes. Even though
densification starts at a temperature as low as 1070 °C it
continues up to the end of the measurement. It can be seen that
temperature increase and ramp finish at about 1475 °C, while
shrinkage curve is still in motion in both graphs (a and b). The
most possible reason for this shrinkage is that densification of
zirconia and alumina continues. Transforming into alpha phase
after 1200 °C, it can have a densification range from 1250 °C
to 1500 °C [15].

3.3. Low temperature, spark plasma sintering
Even though the densification beginning temperature

derived from dilatometry can be as low as 1070 °C it is not
enough to get a densified material with conventional sintering

in air. The temperature to obtain a dense body for the
pressureless sintering of the zirconia should be at least
1300 °C, which is defined by the producer. However using
the SPS technique allows sintering of the materials to a high
density at lower temperatures than conventional sintering [16].
Another advantage of SPS sintering is that, it allows obtaining
the online data of pistons motion and thus, to depict
densification curve of the sintered material under certain
conditions and get the basic understanding of this material’s
sinterability behavior.

The three pistons displacement lines depicted in Fig. 3 stand
for different sintering temperatures at which the samples were
produced. In case of 1000 °C sintering the displacement is going
on at the temperature of about 1000 °C. However, this displace-
ment is insignificant and 0.2 mm of punching movement can be
hardly called as densification. In case of 1100 °C the densification
starts to occur at 1000 °C as in the case with 1000 °C sintering
and it goes up to the end of sintering. Here the densification is
significant and the punch travel distance is about 3 mm. Electro-
des displacement reaches the maximum in the beginning of the
dwell period and then densification becomes insignificant. There-
fore, 5 min of dwelling should be enough to reach the maximum
possible density at this particular temperature and prolonged
dwell time experiments are not needed. In case of 1200 °C
sintering temperature, densification occurs somehow later (at
higher temperature) than in the previous sintering and goes up to
1200 °C. The main reason for such a behavior is the difference in
measuring methods of the temperature during the sintering
process. In case of 1000 °C and 1100 °C experiments, tempera-
ture was measured using a thermocouple while in case of
1200 °C the temperature for thermocouple measuring is too high,
and a pyrometer was used instead. Hence it can be concluded
from the graphs that temperature error between pyrometer and
thermocouple measurements is about 70 °C in the case of
sintering of studied experiments. The shrinkage is again quite
noticeable, while not much more than in the case of 1100 °C
experiment. The difference of the sintered samples can be seen
from Fig. 3b. Sample sintered at 1000 °C is almost two times
thicker than the samples sintered at 1100 °C and 1200 °C.

Taking into account the error of the 1200 °C experiment
measurement it can be concluded that the densification step
takes place at a temperature between 1000 °C and 1200 °C.
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Fig. 4. XRD pattern of the materials studied in this research.

The results obtained by the dilatometry measurement also
show the main densification step in this interval of tempera-
tures. It can be assumed again that nanoparticles of zirconia
completely densify at this temperature, while it is not clear
whether it is possible for alumina fibers to densify at this low
temperature. The densification behavior shows the ability to
produce specimens with high density at temperatures as low as
1100 °C.

3.4. Microstructure and phase analysis of the sintered
samples

The main idea behind low temperature sintering is to
produce high density material while retaining the gamma
alumina phase of the fibers, or at least retaining alumina in
its fiber form.

The graph in Fig. 4 shows five different XRD patterns of the
materials studied. ATZ 1000 °C and ATZ 1100 °C patterns
look very similar to the pure PSZ pattern. However there are
some distinctions. For instance, the peaks at 29° and 31°,
representing some amount of the monoclinic polymorph of
zirconia on the pure PSZ pattern, cannot be found on both
1000 °C and 1100 °C patterns. Consequently, monoclinic
zirconia completely transforms into a tetragonal polymorph
at temperatures lower than 1000 °C when the SPS sintering
approach is used. This agrees with the measurements obtained
from dilatometry sintering. A small difference can be found on
the 1100 °C pattern which cannot be observed for pure
zirconia and the 1000 °C pattern. The peak at 50° appears
double, which points to the presence of the second phase
inside this peak. This peak stands for both: tetragonal zirconia
and alpha alumina. This is also observed for other peaks. Some
of the alpha alumina peaks lay closely together with tetragonal
zirconia peaks and, as a result, coincide in the diagram.
Therefore, the peaks which stand for both tetragonal zirconia
and alpha alumina were doubly marked on the graph. Thereby,
the presence of these peaks confirms the alpha alumina
formation in the sintered samples. No gamma alumina and
boehmite peaks present on the XRD pattern of pure ANF40

could be observed for either 1000 °C or 1100 °C SPS sintered
samples, which gives an evidence of full gamma alumina and
boehmite transformation into alpha alumina. However, the
reason for that could be low amount of gamma phase left in the
composite and as a result its low intensity. This also proves
the results of research in which alpha alumina forms at
temperatures lower than 1100 °C under SPS conditions. This
can be confirmed by the peak at 60° which stands alone on the
pure ZrO, pattern and then doubles when sintered with ANFs
at 1000 °C and 1100 °C. All these phenomena of low
temperature transformation of monoclinic zirconia into tetra-
gonal and gamma alumina into alpha alumina should be
attributed to the specific conditions of SPS sintering, such as
Joule heating, high pressures and rapid sintering, and special
effects between the grain surfaces (local heatings with
increased diffusivities). It must also be considered that the
measured temperature is on the surface of the pressing die. At
these very high heating rates, there would be a thermal
gradient that can also help to explain the differences in phase
transformation temperatures.

On the basis of the XRD results, it can be predicted that
ANFs have lost their fiber form and appear in particulate view.
Nevertheless, the SEM observation of the polished surface was
done and images of the specimens sintered at different
temperatures can be seen in Fig. 5.

The left column of the images in Fig. 5a, ¢, and e shows the
common view of the microstructure of each specimen sintered at
different temperatures. The right-side images depict micrographs of
the closer look on the microstructure. The common view shows the
presence of the ANF bundles in the samples produced at 1000 °C
and 1100 °C, while it cannot be so clearly understood at 1200 °C.
At a closer look on the 1000 °C sintered microstructure different
sizes of the ANF bundles can be seen. One huge bundle, of about
8 pum in length surrounded by smaller bundles and single whiskers
embedded into the zirconia matrix, can be seen. Zriconia is
consolidated slightly higher than green density, which can be
derived from the friable view of the microstucture. It can also be
concluded from Fig. 3b, in which the 1000 °C sample has a
densification of only some tens of millimeters and the sample itself
is almost as thick as the green body. However the fibers are
retained after being sintered at this temperature whether in view of
bundles like whiskers or single fiber whiskers, even though XRD
observation has shown that there is no more gamma alumina at this
temperature and all of the alumina is transformed into alpha form.

Fig. 5c and d shows the microstructure of the specimen sintered
at 1100 °C. As it was analyzed from the densification curves of the
sintering cycle the temperature of 1100 °C resulted in noticeable
shrinkage and densification of the sample. From Fig. 5d it can be
seen that the zirconia powder is mostly densified and we cannot
see any free rounded particles of zirconia like it is in the case of
1000 °C sintered specimen. Dispersion of alumina in the zirconia
matrix changes along with densification of the material in general
and neck formations increase between zirconia particles in
particular. While densifying and moving under pistons pressure
the flow of zirconia particles is pushing the alumina inclusions in
different directions and thus changing locations of alumina
particles. Therefore, dispersion of alumina in 1100 °C sintered
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samples is more homogeneous than in the case of 1000 °C
microstructure. From the general view in Fig. 5c it can be seen
that bundles of fibers are retained after this kind of shrinkage
during severe SPS process. While looking closer into the micro-
structure reveals that not all the fibers are retained and a major part
of them is changed into rounded oxide clusters after sintering. It is
difficult to estimate the amount of transformed alumina from the
SEM images.

In the sample sintered at 1200 °C, state of the bundles and
fibers cannot be clearly distinguished. A better understanding
of processes taking place during transformation of ANF can be
revealed from the closer look of 1100 °C and 1200 °C samples
which can be seen in Fig. 6. This figure shows the states of the
ANF in the zirconia matrix and demonstrates possible pro-
cesses going on in the composite during sintering. It can be
seen that in both 1100 °C and 1200 °C sintered cases there are
transformed ANF bundles in the form of rounded clusters

and untransformed fibers, whether in the form of bundles
or agglomerates of fibers or in the form of separate fibers.
Of course, single fibers can be hardly distinguished, because of
their small sizes and interaction with the zirconia matrix.
Nevertheless, bent and curved single fibers can be noticed.
There can be several reasons for the curvature of the single
fibers and some of those reasons are brought in Fig. 6¢ where
the possible process of densification parameters influence on
the fibers is sketched.

The main factors affecting the behavior of the whiskers-like
fibers and bundles of alumina are shown in Fig. 6¢ under
step 1. There are factors that can be identified as acting from
outside, such as: zirconia matrix contraction forces (acting
from all the sides when densification and neck formation
between zirconia nanoparticles occurs), temperature gradients
(which are unpredictable in the SPS technique and can have
differences of about 100 °C at different locations of the
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samples due to rapid resistive heating), Joule heating and the
constant pressure, which is applied during the entire sintering
processes [11,17]. There are other processes that take place in
the ANF material during the sintering process and those can be
identified as processes acting from inside, because they take
place inside the alumina material itself. These y— a alumina
transformations occur due to reduction of the surface area and
capillarity pressures acting between the fibers in the bundles
and between fibers and the zirconia matrix. It has also been
reported that alumina has a solid solubility of 0.2-0.3 wt%
from 1200 to 1 600 °C [7]. This process can also take place
during both SPS and air sintering. It has been reported that
current increases the diffusivity and thus enhances the densi-
fication mechanisms [18,19]. Therefore, the above mentioned
mechanisms are possible during the short SPS cycle.

All of these factors influence the rearrangement of the atoms
inside the ANF, changing the geometry of the single fibers and
causing breakage of the bundles followed by deformation of the
broken part and left part of the bundle. It is assumed that in the
stress concentrated place at the end of the bundle deformation of
the single fibers causes the breakage of the bundle part and the
particles of the zirconia matrix immediately propagate into the
freed space in order to minimize the free energy (Fig. 6¢ step 2).
Then, the part divided from the main bundle and having high
stresses already inside of it breaks under the influence of the same

conditions that led it to that state earlier. Therefore, step after step,
bundles get broken and deformed and single fibers get geome-
trically curved into particle like inclusions, which can be seen in
the microstructure of the ATZ sample.

The same processes will take place during conventional air
sintering, except for Joule heating and pistons pressure forces
acting inside the material. However, the temperature of the air
sintering is 100 °C higher than the maximum SPS experiment
temperature, and at this temperature the transformations taking
place in the fiber bundles are much faster than those at lower
temperatures, because y — o alumina transformation temperature is
1200 °C. As a result, no fiber bundles or single fibers in the
samples sintered at this temperature can be observed (Fig. 7). All of
them are transformed into rounded clusters due to high temperature
gradients.

To get a clear idea about the distribution of the bundles and
fibers inside the sample and to see the state of the ANFs inside
the bulk body, the SEM analysis of the fractured cross-section
of the ATZ 1100 °C sample was done. In Fig. 8, micrographs
of the fractured cross-section of the sample can be seen.

Fibers are distributed evenly throughout the whole sample,
which points out the homogenous mixing of the composite.
ANF fibers are embedded into the zirconia matrix and have
different lengths and thicknesses. Some of them are tens of
microns in length and few micrometers thick. However, most
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Fig. 8. Fractured cross-section of the ATZ composite sintered at 1100 °C.

Table 1
Properties of the produced specimens.

Specimen (°C) Density (g/cm3 )

Densification (%)

Hardness (HV10) Modulus of elasticity (GPa)

1000 SPS 3.17 54
1100 SPS 5.47 93
1200 SPS 5.47 93
1300 air 4.35 74

72+5 -
1035 + 60 128 +24
754 + 15 148 + 18
543 +25 91+15

of them look the same as on the polished surface. The
orientation of the bundles seems to be ordered in one direction.
The direction of the bundle alignment is normal to the pistons
movement pressure, which is applied in the SPS process. It is
difficult to understand which are the pores in the cross-section
and which are the alumina inclusions. The elongated inclusions
shown in Fig. 8 were identified by the EDS as aluminum and
oxygen, which is alumina. However, it is not possible to make
precise EDS measurement from the nanosize inclusion that can
be seen on the micrograph. Even though, no pores could be
seen on the polished surface of the sample, in fractured surface
small rounded inclusions look like closed pores, which
indicates the undensified state of the sample.

3.5. Properties of the produced specimens

To define the functional suitability of the produced speci-
mens for different applications their properties were measured.
The results obtained from the measurements can be seen in
Table 1.

As it could be predicted the density of the sample sintered at
1000 °C is very low and can be compared to the density of the
green sample pressed at high pressures. The density of the
samples sintered at higher temperatures is almost two times
higher and crosses the 90% densification level, at which closed
porosity is dominant. 93% densification is a low densification
degree for the ATZ type of ceramics, but high enough to lead
the material to the state of closed porosity. However, this is the
first high dense body obtained with ANF material, in which
ANFs partially stay in the whiskers state. Density of the
sample sintered at 1300 °C in air is much lower than the
density of the SPS samples sintered at lower temperatures. The
reason for the higher densification degree of the SPS compacts
is due to the impact of pressure, Joule heating, and an electrical
field diffusion effect which combine together with a high
pistons pressure during densification [20].

Values of hardness and elasticity modulus are little bit contra-
dictory for the 1100 °C and 1200 °C samples. The 1100 °C
specimen has higher hardness while lower modulus, than the
1200 °C one. Even though 1100 °C specimen has higher
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Fig. 9. Crack propagating the matrix and whisker-like ANF inclusion.

hardness it also has high standard deviation, which points to the
microstructure inhomogeneity, while the 1200 °C SPSed sample
has much lower standard deviation and more predictable
behavior. Difference in modulus is not as high as in the case
of hardness. Nevertheless, contradictions in these two properties
give an idea that the lower temperature sintered specimen has
higher hardness but is not as stiff as the higher temperature
sintered material. Lower hardness of the 1200 °C sintered
specimen can be attributed to the higher amount of ANFs a—
v phase transformations and their geometrical deformations from
whiskers to rounded clusters. It has also been mentioned that
alumina starts to dissolve partially (0.2-0.3 wt%) in zirconia
from 1200-600 °C, which means that there are additive trans-
formations starting from 1200 °C. These changes influence the
microstructure formation and if all the transition processes have
not taken place during the sintering cycle, response of the
material to the load can be unpredictable. As hardness is very
closely related to the strength of the bonding inside the material
the weakened interfaces in the case of the 1200 °C specimen
result in lowered hardness. The difference in modulus values
between the 1100 °C and 1200 °C samples are not as significant
as in the case of hardness, indicating that stress—strain behavior
of both samples is similar. Hardness and modulus of the sample
sintered in air is lower than in the SPSed ones.

One of the ideas of introducing tough whiskers into
particulate matrix is to increase its ability to oppose fracture
propagation. In Fig. 9, the crack obtained from the Vickers
indentation measurement moving through the matrix and then
passing through the whisker-like bundle of ANFs can be seen.
It should be noticed that movement of the crack is not affected
by the ANF inclusion and no crack stopping mechanism takes
place, neither crack bridging nor deflection.

The crack prolongs further after meeting the bundle of
alumina. This behavior shows that bundles of the ANFs do not
act as toughening agents and this could be attributed to the
high porosity level between fibers inside the bundle. Another
reason for this kind of behavior can be fiber transformation
into particle-like inclusion. Nevertheless, it does not mean that
random separate fibers located in the matrix will behave the
same and that bundle will not have a positive effect on the
strength of the composite under the elastic behavior conditions.

4. Conclusion

In this research an ATZ composite containing 10 vol% of
novel type y-ANFs was produced with the help of low
temperature SPS sintering and conventional air sintering.
Densification behavior of the composite was studied on the
densification curves, obtained from the dilatometer and SPS
furnaces.

It was shown that the SPS technique allows producing a
93% dense material at 1100 °C and 1200 °C, while conven-
tional air sintering gives density of 74% at 1300 °C.

SEM analysis of the produced specimens’ microstructures
has shown that ANF bundles and separate fibers are partially in
the form of whiskers and partially in the form of rounded
transformed clusters. XRD analysis indicates the presence of
a-alumina even after sintering at temperatures of 1000 °C
under SPS conditions, showing low transformability tempera-
ture of nanostructured y-alumina under SPS conditions.
Measurement of the mechanical properties of the specimens
has shown that the 1100 °C specimen has noticeably higher
hardness (1035 HV10) than the one sintered at 1200 °C (754
HV10), even though the 1200 °C sample has 20 GPa higher
elasticity modulus of 148 GPa. Specimen sintered in air had
density and hardness lower than both the 1100 °C and 1200 °C
specimens.

The whisker-like structure obtained in this study gives a
reason for further development of this type of material and
finding other ways of dispersing fibers and densifying them to
a higher degree.
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