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Abstract

One of the essential phases in the MgO-Al,O;-Si0, (MAS) system, cordierite, has the chemical formula
2MgO-2AlL,0; - 5 Si0,. Therefore, cordierite is generally produced from natural raw materials by liquid phase
sintering. In this study, dense cordierite and cordierite-based/ZrO, ceramic composites were produced econom-
ically from natural zeolite at a temperature as low as 1250 °C. Phase analyses with XRD and microstructure
examinations with SEM/FESEM were performed. The hot salt corrosion behaviour of ZrSiO, crystals in a
cordierite matrix was also tested. It was determined that the addition of ZrO, to reduce the average grain size
had a positive effect on wear and corrosion resistance. Density, porosity, hardness, flexural strength and wear
behaviour of the cordierite-based/ZrO, ceramic composites were determined. In addition, the hardness values
of the zirconia free sample, the samples containing 10 and 20 wt.% zirconia were measured as 11.29, 12.60
and 12.91 GPa, respectively, while the specific wear rates were identified as 5.097 x 1073, 6.302 x 10~° and
3.393 x 1077 mm’/Nm, respectively. The hardness increased and the wear resistance changed with the addition
of zirconia.
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I. Introduction phase cordierite ceramics are preferred in industrial ap-
plications due to their homogeneous properties. How-
ever, single-phase cordierite ceramics production re-
quires expensive methods or high temperatures. The
most common manufacturing process for the single-
phase cordierite is solid state sintering at high tempera-
tures of a mixture of SiO,, Al,0; and MgO prepared
according to cordierite stoichiometry [10]. However,
cordierite ceramics are difficult to produce by solid-
state sintering [1,2,4,11] because cordierite is a phase
occurring in a very narrow region surrounded by other
phases such as enstatite and mullite, which are sensi-
tive to SiO, content, as seen in the MgO-Al,0,-SiO,
ternary equilibrium diagram in Fig. 1 [12]. For this rea-
son, natural raw materials such as talc and clay are pre-
ferred for the economical production of cordierite. Re-
cently, extensive research has been conducted on the
economical production of cordierite with different raw
materials. Goren et al. [13] have stated that some of

Cordierite containing 13.8% MgO, 34.8% Al,O; and
51.4% SiO, (wt.%) is an important industrial ceram-
ics due to its superior thermal shock resistance result-
ing from its low coefficient of thermal expansion and
good chemical and thermal stability at high tempera-
tures [1-4]. The main usage areas of cordierite are: re-
fractory material, catalyst carrier in automotive exhaust
systems, filter for molten metals, rack for industrial fur-
naces, holder for electric heaters, heat exchanger for
gas, turbine engines, refractory coatings for metals etc.
[5-8].

Cordierite can be produced in form of ceramics,
glass or glass-ceramics by solid-state sintering, liquid
phase sintering and melting [2,9]. Generally, single-
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Figure 1. MgO-Al,0;-SiO, ternary equilibrium diagram [12]

the starting raw materials reported in the literature for
cordierite production include: a mixture of magnesium
compounds and kaolinite; alkali-earth-aluminosilicate
glass, kaolin, alumina and magnesite; talc, calcined alu-
mina and fly ash; kaolin, talc, silica and alumina; talc,
kaolinitic clay and gibbsite; kaolin, talc and magnesium
oxide; talc, kaolin, silica, sepiolite and feldspar; and
kaolin and talc.

Apart from the raw materials mentioned above, an-
other natural mineral that can be evaluated in cordierite
production is zeolite. As we expressed in previous stud-
ies, zeolite is an important SiO, source due to its
high SiO, content (approximately SiO, wt.%), low cost,
abundance in many countries, easy breaking up and
grinding [14,15]. Zeolites are hydrated aluminosilicate
minerals with a structure composed of aluminium and
silicon tetrahedrons that share oxygen atoms in a three-
dimensional network [16]. Typically, cordierite ceram-
ics produced from natural raw materials sintered in the
temperature range of 1300-1400°C contain cordierite
as the primary phase.

The first purpose of this study is to deliberately pro-
duce the secondary phase that can adapt to the structure
by reacting with silica and cause dispersion toughening.
Zirconia (ZrO,) additive was preferred for this purpose.
ZrO, having acid/base character is stable against dif-
ferent oxidizing/reducing environments [17]. Zirconia
is thermodynamically unstable at temperatures above
1280 °C in the cordierite matrix due to a reaction re-
sulting in zircon (ZrSiO,) formation [2]. ZrO, reacts
with silica to form zircon which is a stable and me-
chanically resistant structure. As it is seen in Fig. 2,
cordierite crystals having a hexagonal-shaped order are
members of the cyclosilicate group containing rings of
linked SiO, tetrahedra, ZrSiO, includes the nesosili-
cate group from the silicate structure family. Zirconium
atoms are attached to SiO, tetrahedrons, and the number
of bonds in different planes differs. Although cordierite
and zircon crystal structures are different, they have sim-
ilar hardness values (7—7.5 Mohs scale). However, there
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are significant differences between them in terms of
some mechanical properties. Zircon’s elastic anisotropy
crystal structure in 3D space is relatively high com-
pared to cordierite. In addition, the shear modulus and
bulk modulus of zircon are considerably higher than for
cordierite. When the bond patterns of the structures are
examined, it is seen that Mg (6 neighbours) atoms make
single bonds with 6 O, Al (4 neighbours) atoms make
single bonds with 4 O, and Si (4 neighbours) atoms
form single bonds with 4 O. In other words, the num-
ber of bonds in different directions in the 3D extension
is close to each other, and there is almost a homoge-
neous system. In the zircon system, on the other hand,
the Zr (8 neighbours) atom makes a single bond with 8
O, while the Si (4 neighbours) atom makes a single bond
with 4 O. This situation causes the number of bonds in
different directions to be quite different.

As a simple example to show the difference in homo-
geneity between the crystal systems of two phases, the
calculation of the shear modulus of the phases by Voigt
(Gy) and Reuss (Gg) models can be given. Both mod-
els assume a homogeneous or constant strain in poly-
crystalline materials. However, the Voigt model argues
that there is compatibility but no equilibrium, while the
Reuss model argues that equilibrium is achieved but
compatibility is not necessary. At this point, the Voigt
model uses stiffness tensor (C;;) for calculations in the
shear module, while the Reuss model uses compliance
tensor (S;;) [18]. While the Gy and Gy values of the
cordierite phase are the same, the fact that these values
are different in the zircon phase is an indication of the
anisotropy difference between the structures, the calcu-
lated modules in the zircon phase are about twice that of
the cordierite phase [19].
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Figure 2. Illustration of cordierite (orange: Mg, red: O, dark
blue: Si, light blue: Al), zircon (green: Zr, blue: Si, red: O)
and cordierite-zircon composite structure
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One of the important usage areas of ceramics con-
taining cordierite is the refractory industry. Considering
the researches on cordierite-containing refractories, it is
seen that most of the studies are related to cordierite-
mullite ceramics [20-23]. Cordierite provides high tem-
perature resistance while mullite provides mechanical
resistance. The second aim of this study is to increase
the mechanical resistance with zircon silicate phase in-
stead of mullite phase and to produce high-strength
cordierite-based ceramic materials with refractory prop-
erties. The refractory behaviour of cordierite-based ce-
ramics enhanced with high thermal shock and thermal
resistance phase was characterized by high temperature
salt corrosion tests

In this study, the wear and high temperature cor-
rosion properties of cordierite-based/ZrO, composites
produced from natural zeolite, which is used as an alter-
native to other raw materials, were investigated. Unlike
the classical composite material production process, a
type of ceramics was prepared and zirconia phase was
formed in a cordierite-based matrix. Thus, the problem
in the production of single-phase cordierite was solved
by consciously producing the secondary phase other
than cordierite by making composite materials.

II. Experimental

2.1. Production of the samples

This study used natural zeolite (clinoptilolite), MgO,
Al O, and ZrO, as raw materials. Natural zeolite (90
clinoptilolite, 5 feldspar, and 5 cristobalite wt.%) was
supplied from the ZEOMEC Company, Turkey. The
chemical composition of zeolite reported by ZEOMEC
Company is presented in Table 1. Zeolite was drily
ground in a ring mill and sieved with a 75 um sieve,
and sub-sieve powders were used in the experiments.
MgO (99% purity, 100nm) and Al,O; (99% purity,
5 um) were bought from Alfa Aesar Firm to provide sto-
ichiometry of cordierite. ZrO, (99.5% purity, 1 um), as
an additive, was also purchased from Alfa Aesar.

The powder mixture of MgO/Al,O,/Si0O, in the mo-
lar ratios of 2 : 2 : 5 according to cordierite stoichiom-
etry was prepared. After ZrO, (10 and 20 wt.%) was
added to this mixture, the new powder compositions ob-
tained were mechanically activated for 1h at a plan-
etary high-energy ball mill (Fritsch Mono Mill Pul-
verisette 6). The milling was performed in dry condi-
tions at 600 rpm, with a ball-to-mass ratio of 20 : 1 using
tungsten carbide (WC) balls of 10 mm diameter. Three
different compositions were prepared and coded as Z0,
710 and Z20 corresponding to the samples with 0, 10
and 20 wt.% ZrO,, respectively.

The prepared compositions were shaped into disks

of 25mm in diameter and 5mm thick, via uniaxial
dry pressing under 110 MPa load after the powder was
moistened with 7wt.% of water. The compacted sam-
ples were dried at 110 °C for 24 h in a drying oven and
sintered in an electrical furnace at 2 °C/min heating rate
at 1250 °C for 1 h in an air atmosphere.

2.2. Characterization of samples

Phase analyses were performed with a Rigaku
D/MAX/2200/PC model diffractometer operating with
Cu-Ka (1 = 1.54056/0%) radiation. Microstructures of
the specimens were examined by SEM (JEOL-JSM
6060 LV) with EDS attachment. Field emission scan-
ning electron microscope (FESEM-FEI Quanta 450)
was used to see the crack morphology in wear traces
in more detail.

Densification of the samples was evaluated by mea-
suring density and apparent porosity. The density and
the apparent porosity values of the sintered specimens
were determined by the Archimedes principle.

Vickers microhardness tests (FutureTech FM 700)
were performed under a load of 100 g of force for 15s.
The flexural strength was determined by a three-point
flexural test (INSTRON branded device) performed on
three samples of 5 X 10 X 30 mm from each composi-
tion, which were shaped with dry pressing, and sintered
at 1250°C for 1 h.

2.3. Wear tests

The tribological behaviour of the samples sliding
against an alumina ball of 9 mm diameter was examined
by a Tribometer (CSM Instruments) designed according
to DIN 50 324 and ASTM G 99-95a in a ball-on-disk
system. The system measures the friction coefficient and
time-dependent depth profiles using sensitive transduc-
ers. The depth transducer was located vertically on top
of the sample. Before the wear test, the sintered disc
samples were metallographically prepared and polished.
Then, the ball and disc were ultrasonically cleaned in
acetone. Dry sliding wear tests were carried out at am-
bient conditions with relative humidity between 50 and
60% under the 1, 3 and 5 N loads with the 0.3 m/s slid-
ing speed for 200 m sliding distance. The wear tracks
were examined using SEM (JEOL-JSM 6060 LV).

2D and 3D profilometer (KLA Tencor P6) images
were used to calculate the wear volume (V) by measur-
ing the wear width and depth of the wear tracks formed
on the discs. The specific wear rate (SWR) was calcu-

lated by Eq. 1:
\%
SWR = ——
F-S
where V is the wear volume, S is the sliding distance
and F is the applied load [24].

)

Table 1. Chemical composition of zeolite

Components [wt.%]

Si0,
76.972

ALO,

13.123 0.188 4.631

Na,0O K,O0 Fe,0,
1.669

CaO MgO TiO,
2383 0935 0.099

MnO
0.01
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2.4. Hot salt corrosion tests

NaCl and Na, SO, (Merck) were used as alkali, chlo-
rine and sulphur sources for hot salt corrosion of the sin-
tered samples. Each surface of the sample was metallo-
graphically prepared and polished with 0.05 pm alumina
paste. After polishing, the samples were ultrasonically
cleaned with alcohol and distilled water and dried at
110 °C for 24 h in a drying oven. Then, the samples were
embedded in NaCl (100 wt.%), Na, SO, (100 wt.%), and
NaCl + Na,SO, (50-50 wt.%) salts poured in an alu-
mina crucible and covered with a lid. The cyclic corro-
sion experiments were carried out in an electrical fur-
nace with a heating rate of 10°C/min at 850 °C in an
open atmosphere for 120 h. After every 24 h of exposure
time, the specimens were removed from the crucible. It
was seen that the surface of the samples was covered
with a water-soluble solid layer. Therefore, after each
cycle, the samples were washed with boiling distilled
water and dried at 110 °C. The specimens were period-
ically weighed. After 120 h, the surface morphology of
corroded samples was observed using a JEOL JSM 6060
LV scanning electron microscopy (SEM).

III. Results and discussion

3.1. XRD analysis results

XRD patterns of the Z0, Z10 and Z20 compositions
sintered at 1250 °C for 60 min are presented in Fig. 3.
In the Z0 sample, cordierite was determined as the pri-
mary phase. In addition to this phase, MgAl,O, spinel
phase and a very small amount of glassy phase were
determined. ZrO, in the Z10 and Z20 compounds re-
acted with silica to form ZrSiO, phase. Therefore, the
zircon phase is present in these samples besides other
phases. In addition, while the intensity of ZrSiO, peaks

C : Cordierite (Mg,Al,Sis014)
S:Spinel  (MgAl,0,)
Z: Zircon (ZrSi0,)

Intensity
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increases with the addition of zirconia, the intensity of
cordierite peaks decreases due to the silica consumed
in zircon formation. The presence of the glassy phase
is related to the high SiO, content in the zeolite, and
the effect of alkaline and alkaline earth oxides from the
composition. Due to the presence of this glassy phase,
sintering is thought to occur through the liquid phase
sintering mechanism.

Other researchers also reported the presence of
cordierite and spinel phases detected in undoped
samples. Naskar and Chatterjee [25] stated that the
MgAL,O, spinel phase is an intermediate phase that
reacts with SiO, to form a cordierite structure. Ban-
juraizah et al. [26] pointed out that the dual reaction
tendency between Al,O, and MgO is higher than the
ternary reaction between MgO-Al,0,-Si0O, and stated a
reaction sequence as follows:

MgO + AL,O, — MgAl,0, )
2 MgALO, +5Si0, — 2Mg0-2 AL,0;-5Si0, (3)

Here, spinel phase can be accepted as the precursor of
cordierite phase and is a secondary phase frequently
seen in cordierite studies. Oliveira and Fernandes [2]
also detected ZrSiO, phase in the samples containing
zirconia, similar to our study. It is reported in the ar-
ticle that ZrO, reacts with cordierite to form zircon
(ZrSi0,) and spinel (2 MgAl,O,), preferably at temper-
atures above 1280 °C. When the ZrO,-SiO, binary equi-
librium diagram is examined, it is seen that zircon and
SiO, have polymorphic structures in the relevant com-
position, and the ZrSiO, structure remains stable up to
1600 °C temperatures. In this study, SiO, was not de-
tected as a separate phase and appeared to be included
in spinel and cordierite phases. Although the formation

10 20 30 40 50
20

60 70 80

Figure 3. XRD patterns of the Z0, Z10 and Z20 samples sintered at 1250 °C for 60 min
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temperature of ZrSiO, was reported to be above 1000 °C
[27,28], it is stated that it can form even at low temper-
atures (400-500 °C).

3.2. SEM analysis results

The microstructural examinations were performed to
see the changes that occurred in the microstructure due
to the ZrO, addition, the microstructures in this section
were taken before the tests. SEM micrographs and EDS
analysis results are shown in Fig. 4. In the Z0 sam-
ple, a microstructure with small white grains settling
on blocky grey grains is present. Besides, pores and
micro-cracks are also observed in the microstructure.
Marikkannan and Ayyasamy [29] stated that micro-
cracks occurrence results from a thermal mismatch dur-
ing the transformation process between low-quartz solid
solution and «-cordierite in the sintering treatment.
White coloured grains and grey block grains are seen in
the SEM images taken from the Z0 sample. EDS anal-

yses from these different structures yielded similar re-
sults. The XRD results obtained from the Z0 sample
show that the dominant phase is cordierite, and these
white grains and grey blocks are thought to be cordierite
based. Studies on cordierite in the literature show dif-
ferent morphologies. While Jayaseelan et al. [30] de-
termined a honeycomb-shaped cordierite structure in
their study, Shukur ef al. [31] mention a block-shaped
cordierite structure in their study. In the study of Wu
et al. [32], cordierite was presented as light coloured
grains and it was reported that the structure of cordierite
changes. Thus, it can be concluded that both structures
were cordierite. It is known that liquid phase sintering
occurs at three stages: particle rearrangement, dissolu-
tion and precipitation and solid-state sintering. In the
dissolution and re-precipitation process, smaller parti-
cles dissolve from areas where they are in contact. The
dissolved particles are carried away from the contact ar-
eas and re-precipitate on larger particles [33]. There-

si @ it @

Figure 4. SEM micrographs and EDS analysis results of Z0, Z10 and Z20 samples sintered at 1250 °C for 60 min
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fore, it is not abnormal for both grey and white grains
to be cordierite. In the Z10 and Z20 samples, it is ob-
served that the microstructure has changed significantly
with the addition of ZrO,. While grey blocky grains ap-
peared more dominant in the ZrO,-free sample (white
grains accumulated on grey blocks), the grain structure
was changed with the addition of ZrO,, and the blocky
grains turned into smaller grains. In the Z20 sample, the
transformation is clearer and a more homogeneous ap-
pearance is obtained.

On the other hand, the samples with zirconia exhib-
ited a proportional structural change with increasing
ZrO, amount. There are white formations distributed
homogeneously on the matrix structure, and the amount
of these formations increases depending on the rise
in the addition of zirconia. This phase is considered
zircon because EDS analyses determined these white
formations to be a zirconium-rich phase. Also, it has
been observed that micro-cracks have decreased in the

microstructure. As mentioned in the introduction sec-
tion, the reduction of micro-cracks can result from the
ZrSi0, grains preventing crack growth by causing crack
deflection around them. Thus, it is seen that XRD anal-
ysis, EDS analysis and SEM images support each other.

When the SEM images are examined, it is seen that
the grain size decreases with the addition of ZrO,.
While the grain size was between 1-3pum in the Z0
sample, it decreased to 1 um in the Z10 sample and be-
low 1um in the Z20 sample. The driving force in lig-
uid phase sintering is the capillary pressure at the grain
boundaries of the liquid phase and diffusion. It is known
that ZrO, increases the viscosity in glassy structures or
melts and acts as a nucleating agent in glass-ceramics.
It was reported [34] that 6 coordinated ZrO4 octahedra
formed by the inclusion of Zr in the structure increase
glass network connectivity by replacing SiO,. In the
liquid phase sintering, viscosity is very significant for
the movement of the molten phase between the grains.

Figure 5. The fracture surface morphologies of Z0, Z10 and Z20 samples
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Table 2. Some physical and mechanical properties of the samples

70 Z10 720
Bulk density [g/cm?] 259+0.01 2.73+0.02 2.76+0.02
Apparent porosity [%] 1.05+0.50 2.71+0,69 3.63 +0.34
Hardness [GPa] 11.29+05 12.60+03 1291+045
Flexural strength [MPa] 117 £ 16 119+ 11 122 £ 24

Therefore, it can be expected that the increase in vis-
cosity will affect the sintering negatively and cause a
decrease in the average grain size. On the other hand, an
alteration in cordierite grain morphology was observed
with the addition of ZrO,. While the grains are more an-
gular in the Z0 sample, more spherical grains are domi-
nant in the Z10 and Z20 samples. The sintering process
that occurred in the Z0 sample is ordinary liquid phase
sintering. Viscous liquid moves along grain boundaries,
causing condensation at a decreasing rate over time.
In that case the dissolution-diffusion-precipitation steps
dominate and result in grain growth. At the end of sinter-
ing, grain boundary matching (such as flattening) hap-
pens to achieve high density and packing, and forms
consistent grain boundaries [35]. It is thought that the
increase in the viscosity of the liquid phase with the ad-
dition of ZrO, in the Z10 and Z20 samples complicates
the classical liquid phase sintering process, causing a
slight increase in porosity and changing the grain mor-
phology.

Fracture surface morphologies of the Z0, Z10 and
720 compositions sintered at 1250 °C for 60 min are
presented in Fig. 5. It is seen from SEM images of the
fracture surfaces that all three samples exhibit smooth
fracture surfaces. In this case, the brittle fracture oc-
curred without appreciable plastic deformation in all the
samples. It is already known that ceramics is a brittle
material since plastic deformation by dislocation mo-
tion does not happen. It attracts attention that transgran-
ular cleavage fracture occurred in samples. In general,
while intergranular fracture occurs in large-grained ce-
ramics, the transgranular fracture effect begins to ap-
pear as the grains get smaller. The homogeneity of the
stress explains the fact that the fracture is intergranu-
lar in materials with coarse grains, and the transgranu-
lar cracking in fine-grained materials is defined by the
local stress [36]. It is seen from fracture surface images
that formed zircon grains are uniformly distributed in
the structure. Besides, the decrease in average grain size
with the addition of ZrO, is supported by the fracture
surface images as well as in the SEM images taken from
the surface. In addition to the information mentioned in
the previous paragraph, it is thought that the growth of
hexagonal cordierite in the c-axis direction is inhibited
by ZrSiO, grains, and the blocky grains transform to
equiaxed grains.

3.3. Physical and mechanical test results

The samples’ densification was evaluated by deter-
mining the density and apparent porosity as a function

277

of ZrO, addition, and the obtained results were pre-
sented in Table 2. There were increases in both density
and porosity values with the addition of ZrO,. A simi-
lar change is also expressed in the study by Oliveria and
Fernandes [2]. Density in ceramics can vary depending
on the composition or the fundamental events that oc-
cur during sintering. In this case, it can be said that the
increase in the density value with increasing ZrO, ad-
dition is due to the composition according to the mix-
ing rule. In fact, the theoretical density of cordierite
is expressed as 2.0-2.6g/cm? in various publications
[5,11,37], while the density of m-zirconia is 5.85 g/cm?
[2]. In general, it is expected that the porosity values
will decrease with increasing density. However, the fact
that the additives added to the composition in ceramics
form different phases with high density can affect this
relationship differently. As mentioned above, the theo-
retical density of cordierite is 2.0-2.6 g/cm?, while the
density of the zircon phase is around 4.5 g/cm?. Pores
are one of the basic structural elements that make up
the microstructure in products produced by sintering.
Bukhari et al. [38] stated that porosity formation could
result from uneven phase distribution, unbalanced dif-
fusion events, reaction with the atmosphere, capillary
spreading of a liquid melted and gaseous efflux due to
the reactions during sintering. When the results are eval-
uated, it can be concluded that it is possible to produce
dense cordierite-based/ZrO, composites with very lit-
tle porosity from natural zeolite at a temperature as low
as 1250°C. As a matter of fact, the sintering temper-
ature used in this study is lower than the temperatures
reported in cordierite studies produced using other nat-
ural raw materials [39-42].

As seen in Table 2, an increase in both hardness and
flexural strength was detected with the addition of zir-
conia. Other researchers also reported that the hardness
of cordierite increased with the addition of ZrO,. For
example, Senthil Kumar et al. [43] stated that the hard-
ness value of cordierite containing 20 wt.% zirconia was
7.68 GPa. This value increased from 7.06 to 7.68 GPa
with the addition of zirconia. Oliveira and Fernandes
[2] reported that the mean values of Vickers hardness
were between 7.3 and 8.2 GPa. It is seen that the hard-
ness values determined from our study are higher than
the hardness values reported by these researchers. Of
course, there could be many reasons for this. However,
we think that one of the most important reasons is using
the mechanical activation process in the powder prepa-
ration stage. As a matter of fact, in our previous study
[15] we observed and reported that the hardness in-
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creased with the increase of the mechanical activation
time. Mechanical activation causes certain effects on the
material; structural irregularity increases, partial amor-
phization occurs, the reactivity of powders increases and
particle size decreases. Among all these parameters, the
decrease in particle size causes an increase in the pack-
ing factor and bulk density of the powders. Obradovic
et al. [44] reported in their study that mechanical activa-
tion causes an increase in bulk density, which improves
sintering properties.

Hardness measures the material’s resistance to lo-
cal plastic deformation, while brittleness is the frac-
ture of material subjected to stress without significant
plastic deformation. Therefore, a relationship can be es-
tablished between hardness and brittleness; if hardness
increases, brittleness also increases. In this case, the
addition of zirconia and the increase in both hardness
and brittleness support each other. Increasing brittleness
in the material facilitates crack propagation. The crack
propagation speed in ceramic materials can reach thou-
sands of feet per second. The main reason why the crack
propagates so rapidly in the brittle material is the stress
discharge. The primary way to prevent deformation in
ceramics is to eliminate crack stress. Grain boundaries,
grain size, glass phase content, surface cracks, crack-
like voids, inclusions and pores affect the strength of
ceramics. With the processes applied to reduce the ef-
fects of these factors, the microstructure of the ceramics
is changed and an improvement in its strength can be
achieved.

The resistance to fracture of a material containing
cracks to fracture is defined as fracture toughness. Frac-
ture toughness measures the amount of energy required
to propagate a pre-existing defect under applied load.
Ceramics are materials with low fracture toughness, and
one of the methods used to increase toughness is sec-
ondary phase dispersion. For example, fine distribution
of ZrO, in a ceramic matrix induces toughing mecha-
nisms such as stress-induced transformation toughing,
micro-cracking, and crack deflection. The effect of zir-
conia as an additive is explained in detail in the intro-
duction. It is seen that all of the ZrO, used in this study
transformed into zircon. The formed ZrSiO, grains pre-
vent crack growth by causing crack deflection around
itself. Thus, micro-cracking is reduced and mechanical
properties improve.

The increase in 3-point bending strength of the sam-
ples with the addition of ZrO, can be explained by the
composite effect of the ZrSiO, secondary phase. It is
stated in the literature [2,43,45] that the flexural strength
increases as the zirconia content increases, which is
also confirmed in our study. The flexural strength val-
ues of the Z0, Z10 and Z20 samples are 117, 119 and
122 MPa, respectively. The maximum flexural strength
value, found by Kumar et al. [43], was 297.62 MPa,
while the flexural strength value found by Oliveira and
Fernandes [2] was 92.5 MPa. It is evident that the flex-
ural strength values measured in this study are in the
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range of values determined by other authors. Bending
strength values obtained from different studies may vary
according to production conditions and starting raw ma-
terials.

3.4. Wear test results

Dry slip wear tests were carried out to determine
wear behaviour of the Z0, Z10 and Z20 specimens sin-
tered for 60 min at 1250 °C. Figure 6 shows the vari-
ation of the average friction coeflicient of the samples
depending on the applied load. The friction coefficient
decreased with increasing zirconia addition under all ap-
plied loads. For example, the average friction coefficient
of the Z20 sample was 0.520 under 5 N load, which is
lower than the value of both Z0 and Z10 samples un-
der the same load. The average friction coefficient in
the Z0 sample varies between 0.633—1.042 depending
on the applied load. While the average friction coeffi-
cient in the Z10 sample varies between 0.584-0.637, the
average friction coefficient in the Z20 sample varies be-
tween 0.357-0.545. The friction coefficient is the ratio
of the friction force to the load acting perpendicular to
the sample. In other words, an increase in friction force
causes an increase in friction coefficient. There are four
effects that cause frictional force. These are: static, slid-
ing, rolling and fluid frictions. The main effect of solid
surface wear is the sliding friction. This friction is the
force that two solid surfaces exert on each other as they
slide over one another. The main parameters effective
here are: mechanical properties of solids, surface rough-
ness, thermal properties of solids and physical/chemical
interactions between materials. In this study, it is seen
that the ZrO, contribution and the formation of ZrSiO,
phase significantly reduce the friction coefficient.

In general, the friction coeflicient in ceramic mate-
rials is in the range of 0.3-0.7. While the results ob-
tained under 1 and 3 N loads in the experiments were
in the 0.3-0.7 range, the friction coefficient increased
above 1 when the load increased to 5N for the Z0 sam-
ple. If this value is above 1, it indicates that the shear

. Zo
. Z10
. 720

Friction Coefficient, p

04

0,2

Applied Load (N)

Figure 6. Variation graph of the friction coefficient with the
applied load to the Z0, Z10, and Z20 samples sintered at
1250 °C for 60 min
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Figure 7. 3D profilometry images of the wear tracks obtained
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force required for friction to occur exceeds the normal
force acting on the specimen. The friction coefficients in
the tests performed at 5N in the Z10 and Z20 samples
are considerably lower than in the Z0 sample. This indi-
cates that the wear/friction characteristic changes signif-
icantly with the addition of ZrO,. In the Z0 sample, the
friction coefficient increased with increasing the load.
This increase is especially high in the transition from
3 to 5 N. This sudden increase in the friction coefficient
with increasing load has been interpreted as the scraping
effect on the contact surface, and the resulting surface
irregularities that increase the friction coefficient. In the
710 and Z20 samples, an increase in the friction coeffi-
cients was observed in the transition from 1 to 3 N, and
then a stable trend occured. This can be explained by the
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fact that the ZrSiO, phase formed by adding ZrO, cre-
ates a composite effect and positively affects the wear.
3D surface profilometry scanning the worn surfaces
after wear tests was realized, and the wear volume for
each sample was calculated from the wear tracks ob-
tained from these images. 3D profilometry images of the
wear tracks obtained under 3 and 5 N loads at the 0.3 m/s
sliding speed are presented in Fig. 7. It is seen that while
the width and depth of wear tracks decreased with zir-
conia addition, the width and depth of wear tracks in-
creased with the increment in the applied load. While
the deep grooves, heavy surface damage, and debris are
seen in wear tracks on the pure cordierite, only grooves
attract attention in the Z20 sample. The wear trace im-
ages support the friction coefficient results and it is seen
that the trace width/depths in the Z0 sample are quite
high compared to the other samples. In the test of the
70 sample with 5N, it is seen that pieces are severely
broken from the surface and it is thought that the bro-
ken pieces cause the friction coefficient to increase to
high values by causing a three-body abrasion effect. In
the Z0 sample, the friction coefficient in the test at SN
exceeded the broken pieces cause the friction to increase
to higher levels by making the wedge and plow effects.

The wear and specific wear rate were calculated with
the wear volume data determined by measuring the wear
tracks’ width and depth formed on the discs. The change
graph in wear rate depending on the applied load and the
samples’ specific wear rate graph are presented in Fig.
8. As it can be seen, both the wear rate and the specific
wear rate decrease with zirconia addition. The specific
wear rates of the Z0, Z10 and Z20 samples have been
determined from the slope of the wear rate vs. applied
load graph as 5.0973 x 1073, 6.302 x 107% and 3.3926 x
1077 mm?3/Nm, respectively. With the addition of 7r0,,
it is seen that the material loss in the samples is clearly
reduced.

The wear resistance of ceramic material can be in-
creased by hard particle reinforcement. Here, it is
thought that the anisotropic properties of the additive
material are essential other than its high hardness. When
the crack hits the hard particle, it loses its energy
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Figure 8. The wear rate and specific wear rate variation of the samples depending on the applied load
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Figure 9. SEM images of the worn surfaces of the Z0, Z10 and Z20 samples under 3 N loads with the 0.3 m/s sliding speed

through mechanisms such as branching and deflection.
If the elastic modulus of the particle is greater than that
of the matrix, the crack stress reduces.

In ceramics, crack propagation occurs in the form
of the bonds breaking. Considering the anisotropic me-
chanical properties of the particles or secondary phases,
the difference in the number of bonds in the x and y
directions causes the crack to encounter different re-
sistances in different directions during crack propaga-
tion. This situation may create different results in trans-
mitting crack energy to the material. When the crack
reaches these phases, it will move in different directions
at different speeds. In this case, it causes dispersion of
crack stress. As aresult, it is thought that the anisotropic
behaviour of the particle or secondary phase regions in
the ceramic matrix is effective on crack propagation.

Figure 9 presents SEM micrographs of the worn sur-
faces of the samples. It can be seen from the images
that grooves, debris, cracks, delamination and spalling

are present. The existence of grooves along the direc-
tion of sliding is a demonstration of predominant abra-
sive wear. It is also supported by the 3D images given
in Fig. 7, where abrasive wear occurs. But it should be
remembered that more than one wear mechanism can
be active in any one wear process [46]. Wear mecha-
nisms can be divided into four different types according
to the fundamental processes that result from the action
of the stress on the elements of the tribological system:
adhesion, abrasion, tribo-chemical reaction and surface
spalling.

Rainforth [47] reported two kinds of wear debris that
can be distinguished in zirconia toughened ceramics.
These debris types are the smeared ones, existing as
bands on the edge of the wear track, and randomly dis-
tributed finer “rolls” present as particles within the wear
tracks. Both of these debris are present in our samples. If
the contact stress is large enough to cause crack propa-
gation in the contact region, blocky or plate-like wear
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Figure 10. The FESEM images of the worn surface of the samples

debris are generated mechanically [48]. On the other
hand, delamination-type surface damages are caused by
cracks formed following deformation hardening or fa-
tigue [24]. In SEM micrographs, the expression surface
plasticity used to state smearing is usually associated
with the formation of a “tribo-layer”, which is the ag-
glomeration of very fine wear particles [47].

It is seen in the SEM images that the width, depth
of the wear traces, and material loss decreased with the
ZrO, additive starting from the Z0 sample. In the Z0
sample, lifts in layers of a few microns were observed.
In this sample, adhesive and abrasive wears are seen to-
gether, and abrasive wear is thought to be more domi-
nant. Abrasive wear is the removal of a hard part from
a relatively soft part. The increase in the surface rough-
ness of the material, which acts softly in abrasive wear,
causes two-body abrasion, and the movement of the bro-
ken pieces between the surfaces causes three-body wear.
These mechanisms accelerate the wear effect and cause
a rapid increase in wear loss. It is thought that these ef-
fects occurred intensely in the Z0 sample. Increasing
hardness and losing the effect of strain hardening can
increase the abrasive wear effect in materials. Although
the situation regarding hardness is valid for ceramics,
the other case is not valid for ceramics as ceramics do
not harden by deformation like metals.

In this study, it was seen that the hardness increased
with the addition of ZrO, and that the wear effect de-
creases, where the traces become more superficial in
the Z10 and Z20 samples with increasing hardness. It
is known that harder, tougher particles with high elas-
tic modulus and coarser size than the main phase in-
crease wear resistance. It is thought that the ZrSiO,
phase found in the cordierite matrix has a secondary par-
ticle effect.

FESEM images of the samples worn under 3 N loads
with the 0.3 m/s sliding speed are presented in Fig. 10
and used to analyse the crack morphology. It is seen
that the wear mechanism has changed with the addition
of ZrO,. Layers occur with adhesive effects on the sur-
face of the Z0 sample and then the cracks take place
on these layers. In the Z10 sample, as in the Z0 sam-
ple, flake formation, flaking structure, crack formation
and separation of the layers are observed. The cracks
progress to form flake-shaped pieces, and weight loss
occurs in the material by pouring these pieces com-
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posed. On the other hand, in the Z20 sample, the abra-
sive traces were less obvious, the crack shape changed,
the cracks branched and the connections between them
had been broken. It is understood from the crack mor-
phology that the decrease in grain size with the addition
of ZrO, affects the localization of the stress. While the
cracks in the Z0 sample gain continuity and cause ma-
terial loss, in the Z20 sample the cracks seem to branch
and separate from each other remaining local. It attracts
attention that while the severity of abrasive and adhesive
wear is higher in the Z0 sample with lower hardness, the
adhesive wear occurs less in the Z20 sample with higher
hardness.

3.5. Hot salt corrosion test results

Figure 11 shows the weight losses of the samples in
the hot salt corrosion tests. The first thing that attracted
attention in the results was that the cordierite phase
was dominant, and the lowest corrosive resistance was
found in the Z0 samples. Takahashi et al. [49] reported
that NaAlSiO, and SiO, were formed as a result of
the interaction of cordierite-based structure with NaCl
and Na,SO,. In another study by Takahashi et al. [50],
hot corrosion of cordierite/mullite ceramics against the
same salts was studied, and it was explained that the
cordierite phase deteriorated as a result of similar inter-
actions. In the current study, it was reported that espe-
cially the cordierite phase was weak against Na-based
hot salts and that corrosion layers rich and poor in Na
atoms were formed. It is thought that these interactions
have high corrosion effect in the Z0 sample, in which
cordierite is the dominant phase. The results show that
the weight loss decreases and the corrosive resistance
increases with ZrO, addition, which is valid for both
Na,SO, and NaCl environments. Corrosion resistance
increased with increasing ZrSiO, ratio formed in the
samples. It is evident that this phase does not interact
with NaCl and Na,SO,. When the silicate forming abil-
ities of Na and Zr elements are examined, it can be seen
from the enthalpies that Na,SiO; is formed much more
easily, since Na, O is a strong base while SiO, is a strong
acid. In our case, the structure likely to occur in the en-
vironment of Na,O, SiO, and ZrO, will be Na,SiO;.
However, the situation changes when switching from
the oxide form to the salt form. No silicate is formed
when NaCl is used instead of Na, O, since there is no or
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Figure 11. Weight loss change curves versus corrosion time of the Z0, Z10, and Z20 samples in NaCl, Na,SO, and
NaCl + Na,SO, salt mediums

very limited solubility between NaCl and SiO,. NaCl is
a strongly ionic compound and extremely polar. It wants
to react against polar structures, while SiO, has strong
covalent bonds. Although Si and O bonds appear po-
lar, the bond geometry between Si—O distorts polarity.
It also explains why silicate glasses do not interact with
most polar covalent structures.

7r0O, + Si0, — ZrSi0, AH = -11kJ/mol 4@
Na,O + Si0, — Na,Si0; AH = -201kJ/mol (5)

The bond between Na* and SO3~ ions is similarly
ionic and Na,SiO,, is also polar. However, the behaviour
of silicate structures in Na,SO, environment is different
from NaCl. Na,SO, is a stable salt under normal con-
ditions, but it can decompose under the effect of pres-
sure and temperature, producing SO, gases. The struc-
ture normally starts to break down above 1000 °C, but
pressure changes in the system may cause the break-
down to take place at lower temperatures. Jacobson [51]
reported that the decomposition temperature of Na,SO,
is a function of pressure, sulphur and sodium contents.
Na,O, which is formed by the disintegration of the sul-
phate structure, will cause the ZrSiO, phase to deterio-
rate. This is thought to be the reason why the corrosion
in the Na,SO, medium is more severe than the corrosion
in the NaCl environment. Since the corrosion tests were
carried out at 850 °C, this effect remained low. Probably
the severity of Na,SO, corrosion would increase with
increasing the test temperature. It was observed that the
severity of corrosion increased when NaCl and Na, SO,

were used together. It is thought that the reason why the
simultaneous use of Na salts containing SO~ and C1~
increases the severity of corrosion is related to the mu-
tual interaction of the products formed by the corrosion
reactions. There is a potential to form Mg-based com-
pounds (MgO, MgCl,, MgSO,) as well as NaAlSiO,
and SiO, from the reaction of the cordierite phase with
NaCl and Na,SO, salts. In addition, there is a poten-
tial for formation of CI-SO, gases depending on am-
bient conditions. There are many structures that can be
formed as a product of corrosion and these are structures
that can react with each other. For example, MgSO, and
Cl, react to form MgCl,. Since some of the products
react in multiple reactions and the amount of products
decreases, the reactions will move towards the creation
of products (Le Chatelier principle), and the corrosion
potential will increase.

Figure 12 shows SEM images taken from the cor-
roded surfaces of the samples. It is seen that the sur-
faces of all samples are deteriorated and that corrosion
was active. It is noteworthy that while there is nearly
a homogeneous image on the entire surface in the Z0
sample, pores and cavities are formed in certain regions
in the Z10 and Z20 samples, and these areas are more
affected by corrosion. It is thought to be related to the
composite effect. The cordierite is the dominant phase
in the Z0 sample, while corrosion is observed on the en-
tire surface, while the formation of the ZrSiO, phase in
the cordierite matrix in the Z10 and Z20 samples caused
certain areas to be more resistant to corrosion. Another
result is the formation of cracks as a result of corro-
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Figure 13. SEM micrographs of Z20 sample at different
magnifications after corrosion at 850 °C for 120 h
in NaCl salt medium

sion, since significant crack formation was observed in
all samples. It is thought that the cracks may be related
to the polymorphic transformations in the NaAlSiO,
phase formed as a corrosion product. It is known that
NaAlSiO, has polymorphic transformation [52]. It is
possible that the accumulation of Na and Mg atoms in

283

certain regions and the formation of segregation and het-
erogeneous structures are effective in crack formation.
On the other hand, different crystals with flower-like
dendrite design were observed in the samples contain-
ing zirconia. To see the details, EDS analysis was per-
formed on the Z20 samples that passed the corrosion test
(Fig. 13). In the analysis taken from the region where the
cracks are intense, strong Na, Al and Si peaks seen in
these areas correspond to NaAlSiO, structures, which
are probably corrosion products. In the EDS analysis
of flower-like crystals, in addition to these elements, a
strong Zr peak was observed. It is thought that these
structures were formed by Na-based corrosion products
on ZrSiO, crystals.

IV. Conclusions

In this study, cordierite-based materials were pro-
duced from natural zeolite and 10 and 20 wt.% ZrO,
were added to improve mechanical and wear proper-
ties. In the ZrO,-free samples, cordierite as the main
phase was identified and in addition to this phase,
the MgAl,O, spinel phase and a very small amount
of glassy phase were determined. In the composite
samples, ZrO, formed ZrSiO, phase by reacting with
the silica. The intensity of ZrSiO, peaks increases
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with increment zirconia addition, while the intensity
of cordierite peaks decreases. Zirconia content increase
has been seen to cause decline in the micro-cracks,
whereas density and porosity values slightly increased.
It was found that transgranular cleavage fracture oc-
curred in all samples. Also, the grain size decreases with
the increase of zirconia additive. The sample’s hard-
ness/flexural strength increased with increasing zirconia
addition, i.e. 11.29GPa/117MPa, 12.60 GPa/119 MPa
and 12.91 GPa/122MPa for the Z0, Z10 and Z20, re-
spectively. Specific wear rates of the Z0, Z10 and Z20
samples were determined from the slope of the wear rate
vs. applied load graph as 5.0973 x 1073, 6.302 x 107°
and 3.3926x 10”7 mm?3/Nm, respectively. Abrasive wear
was the predominant wear mechanism; however, it has
been accompanied by other mechanisms such as adhe-
sion, tribo-chemical reaction and surface spalling. It was
determined that flexural strength had been the least af-
fected by the addition of zirconia, whereas wear had
been seen to be the most affected. In addition, it was
observed that the addition of ZrO, caused a significant
increase in hot salt corrosion resistance, and the weight
losses as a result of corrosion decreased approximately
2-20 times depending on the additive and the corrosive
media.
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