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RESUMEN 
 
Se describe  el comportamiento frente al desgaste deslizante de dos compuestos de CaZrO3-MgO densos y de grano 
fino, con diferentes niveles de impurezas. Se han realizado ensayos de pin-on-disc no lubricados a temperatura 
ambiente. Los parámetros del ensayo fueron 10 N como fuerza normal, 0.10-0.15 m / s como velocidades de 
deslizamiento y se utilizaron bolas de ZrO2 y de acero. Se ha evaluado el coeficiente de fricción frente a la distancia de 
deslizamiento y el desgaste específico y se ha realizado un análisis microestructural completo de las huellas de desgaste 
por microscopía electrónica de barrido de emisión de campo. Se establecen las relaciones entre las microestructuras y el 
comportamiento de desgaste. 
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ABSTRACT 
 
The wear behaviour of two fine grained and dense CaZrO3-MgO composites with different levels of impurities is 
presented. The research has been performed using un-lubricated pin-on-disc tests at room temperature, 10 N as normal 
force, 0.10-0.15 m/s as sliding rates and ZrO2 and steel counterparts. The coefficient of friction versus the sliding 
distance and the specific wear, together with a complete microstructural analysis of the worn surfaces by field emission 
scanning electron microscopy are reported. The relationships between the microstructures and the wear behaviour are 
established. 
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 1. INTRODUCTION 
 
Calcium zirconate (CaZrO3) is the most stable 
compound in the system ZrO2-CaO. It shows high 
melting point (~2365 ºC), high strength, high chemical 
inertness and excellent corrosion resistance against 
alkali oxides and basic slags. Due its good properties 
has been proposed for high temperature applications, 
such as refractories for metal casting and clinkers [1-4]. 
 
Moreover, due to its low thermal conductivity at high 
temperatures (K= 2.2 Wm-1K-1 at 1500 K [5]) and 
thermal expansion behaviour (α≈ 10.4 x10-6 K-1 [6]) 
similar to yttria stabilized zirconia (YSZ), calcium 
zirconate is a potential candidate for severe conditions 
of service, such as thermal and environmental barrier 
coatings (TBC’s, EBC’s), thermal shields and 

functionally graded materials (FGM’s) where resistance 
to high temperature gradients, high pressure, water 
vapour, high gas velocities, corrosive environments, 
erosion and particles impact (sand, ash, salt) are 
fundamentals requirements [7-9]. 
 
Mixing zirconia with natural raw materials (limestone 
or dolomite), with consistent chemical composition is 
an attractive way for low cost production of CaZrO3-
MgO based materials. In this sense, dolomite based 
ceramics with heterogeneous microstructures have been 
investigated as a promising refractories for the 
production of steel and cement [1,2,10]. 
 
In a previous work [11], two natural dolomites (one DB 
with low amount of silica glass < 2 wt.%, and other DN, 
with medium amount of silica glass SiO2≈ 10 wt.%) 
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were mixed with ZrO2 and the reaction sintering to 
reach fine grained and dense CaZrO3-MgO based 
composites to be used as structural materials was 
investigated. 
 
In this work, a comparison between the sliding wear 
behaviour of these two CaZrO3-MgO composites 
against ZrO2 and steel counterparts is done. Full 
characterisation of the behaviour of the materials under 
un-lubricated pin-on-disc tests at room temperature, 
using 10 N as normal force, and 0.10-0.15 m/s as sliding 
rate is reported elsewhere [12-13]. The relationships 
between the two microstructures and the wear behaviour 
was investigated in order to analyze the potential 
influence of the impurities -associated residual silica 
glasses- in the wear mechanisms of these materials. 
 

 2. EXPERIMENTAL 
 
The starting materials were two natural Argentinean 
dolomites (DB with SiO2< 2 wt.%, and DN of SiO2= 
10.2 wt.%) and a commercial monolithic m-ZrO2 (Saint 
Gobain - Zir Pro, China). The powders were mixed (1:1 
mol). Mixing and milling was done by attrition milling 
(4h) in isopropyl alcohol with ZrO2 balls, dried at 60 °C 
(24h), unidirectional pressed at 20 MPa into cylinders 
(= 10 mm, t= 8 mm) and sintered at 1450 ºC (2h). 
Complete processing and chemical analysis, obtained by 
X-ray fluorescence technique (Philips, MagiX PW 
2424, Netherlands), was reported elsewhere [11]. 
 
The surfaces to be subjected to sliding during the wear 
tests were diamond polished down to 3 µm, cleaned 
using ethanol and dried. In order to understand the 
behavioural differences between the materials (DNZ 
and DBZ), fully characterisation of roughness of 
polished surfaces prior to testing was performed by 
atomic force microscope, AFM (Cervantes, Nanotec 
Electrónica, Spain) and the roughness was 
quantitatively evaluated in terms of the Root Mean 
Square (RMS) values. 
 
Wear tests were performed on a pin-on-disk tribometer 
(tribotester UMT-3, CETR, Bruker, USA). The counter 
bodies were balls of 6.3 mm diameter made of stainless 
steel 440, 748 HV (MatWeb, www.matweb.com), and 
ZrO2, 1300 HV (Hightech ceram Dr. Steinman, htc-
YPSZ1, Germany). All tests were performed at room 
temperature under a normal force of 10 N at sliding 
speeds of 0.1 and 0.15 ms-1. The track radius varied 
from 2 mm (0.1 ms-1) to 5 mm (0.15 ms-1), the 
frequency of contact was 7.96 Hz (0.1 ms-1) and 4.77 
Hz (0.15 ms-1) and the total sliding distance was equal 

to 500 m for all tests. During each test, the coefficient of 
friction (COF) was continuously recorded.  
 
The microstructural characterization of the “as 
polished” surfaces as well as the wear tracks was 
performed by scanning electron microscopy (SEM, 
Hitachi TM-1000, Japan) and field emission gun 
scanning electron microscopy with analysis by 
dispersive energies (FE-SEM-EDS, Hitachi, S-4700, 
type I, Japan). The volume of removed material was 
quantified using a contact profilometer (Bruker Dektak 
XT) by scanning the surface perpendicular to the wear 
track. First, four 2D profiles of sections of the wear 
track at 0, 90, 180 and 270° were done and the average 
of the hollow surfaces of the four profiles was 
calculated. The total wear volume after testing was then 
calculated by multiplying this average by the 
circumference of the wear track, in agreement with the 
standard ASTM G99. The specific wear rates K (mm3N-

1m-1) were then calculated according to equation (1). 
 
K=V/(FS)                 (1) 
 
where V is the volume of removed material (mm3), F 
the normal load (N) and S the sliding distance (m). 
 

 3. RESULTS 
 
The complete microstructural characteristics of the 
studied materials are reported elsewhere [11]. Material 
DBZ was dense (4.36± 0.04 g/cm3; ≈100% R.D.) and 
homogeneous. Major crystalline phases were CaZrO3 
(75.4± 0.5 wt.%) and MgO (18.8± 0.4 wt.%); c-ZrO2 
(Ca0.15Zr0.85O1.85, 2.2± 0.1 wt.%) and merwinite 
(Ca3Mg(SiO4)2, 3.7± 0.3 wt.%) were present as minor 
phases. The DNZ material also presented high density 
(4.20± 0.03 g/cm3; 97± 1% R.D.) and the constituent 
phases were homogeneously distributed. Major 
crystalline phases were CaZrO3 (54.0± 0.9 wt.%), c-
ZrO2 (Ca0.15Zr0.85O1.85, 17.5± 0.5 wt.%), MgO (16.2± 
0.5 wt.%) and merwinite (Ca3Mg(SiO4)2, 11.5± 1.2 
wt.%). Ca2SiO4 was present in a very low amount 
(0.66± 0.3 wt.%) as minor phase.  
 
Fig. 1 shows the evolution of the coefficient of friction 
(COF) with the sliding distance for the two different 
testing conditions used. The behaviours of both 
materials (Fig. 1 a and b) are similar for the tests 
performed with ZrO2 balls, were the COF attained 
constant values (0.65 and 0.7, for DNZ and DBZ, 
respectively) independent of the sliding rate after short 
running-in stages (70 m).  
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When tested against steel balls materials presented large 
differences. The COF increased continuously (0.8 to 
0.9) for DBZ specimens tested at both rates (Fig. 1a). 
For DNZ tested at the lowest rate (0.1 ms-1), the COF 
increased continuously (from 0.6 to 0.75) through the 
whole sliding distance while it reached a constant value 
(≈ 0.85) after a short distance (70 m) when the testing 
rate was 0.15 ms-1 (Fig. 1b).  

 
Table 1 shows the specific wear (K) for the four 
experimental conditions used. For all combinations 
(material composition and sliding rate), specific wear 
for tests performed using ZrO2 balls are significantly 
larger (≈ x10) than when steel balls were used. For 
DNZ, values increase significantly with the sliding rate 
for both kinds of balls while they remained practically 
similar for DBZ. The highest wear rate is found for 
DNZ tested against ZrO2 at the highest rate. 

 
The characteristic microstructural features of the wear 
tracks are summarised in figures 2 and 3. 
Microstructural modifications were similar for 

specimens tested using different sliding rates. In order 
to understand the microstructural changes, the 
microstructure of the borders of the wear tracks 
(transition regions) was analysed separately from that of 
the central parts.  

 

 
For both materials tested using ZrO2 balls (Fig. 2), flat 
compacted surfaces and zones with un-compacted 
debris particles were observed thorough the whole 
tracks. The compacted surfaces, which covered the 
major part of the tracks, presented cracks perpendicular 
to the sliding direction and some abrasion grooves. 
Large zones of small (< 1µm) debris particles together 
with rounded particles were found. 
 

 
In all specimens tested using steel balls, flat compacted 
surfaces and zones with un-compacted debris particles 
were observed in both regions of the tracks (Fig. 3). 

Figure 3. Microstructural features in the wear tracks of specimens 
tested with steel balls. (a) DNZ, central part. (b) DBZ, transition 
region

a

Material
Composition

ZrO2 MgO CaO SiO2

DBZ

wear track 50-58 16-22 25-28 -

original
material

54.7 18.0 26.1 -

DNZ

wear track 55-59 20-22 17-24 6-9

original
material

55.57 15.90 23.84 4.69

Table 2. Comparison between the original and the wear 
track composition of the studied materials. EDX analysis.

Figure 1. Results of sliding tests for the studied material 
tested with steel and ZrO2 ball. (a) DBZ. (b) DNZ.

Figure 2. Microstructural features in the wear tracks in the 
specimens tested with ZrO2 balls. (a) DBZ, central part (b) 
DNZ, central part (c) DBZ, transition (d) DNZ, transition region

a b

c d

Table 1. Specific wear for the studied materials.

Material
Sliding rate
(ms-1)

Counter body

Steel
(x10-5

mm3/Nm)

ZrO2

(x10-4

mm3/Nm)

DBZ
0.10 6.8 – 11.2 3.6 – 5.0

0.15 6.5 – 8.6 3.8 - 5.8

DNZ
0.10 3.6 – 6.7 7.0 – 8.5

0.15 9.0 – 13.7 14.9 – 15.1
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Higher magnification of the compacted areas revealed 
heavily smeared surfaces with abrasion grooves. Details 
of the transition areas (Fig. 3b) revealed compact layers 
and debris particles and practically no original material 
was observed. In the central part of the tracks, large 
areas of the original material showing mixed trans-
intergranular fracture were observed (Fig. 3a). 
 
In both materials and both kinds of balls, the relative 
amounts of material components in the different zones 
of the wear tracks (Table 2) were similar to those of the 
original material [11]. In the specimens tested using 
steel, significant amounts of Fe (~12 wt.% for DBZ and 
5-7 wt.% for DNZ) were detected in the tracks, 
especially in the compacted areas. 
 
 

 4. DISCUSSION 
 
The specific wear and COF values obtained in this work 
Table 1and figure 1 are in the range of those reported 
for other structural ceramics tested using nominally the 
same experimental conditions. In particular, specific 
wear from 10-5 to 10-4 mm3N-1m-1 were reported for 
Y2O3-stabilised ZrO2 (3Y-TZP) sliding against steel 
[14]. For 3Y-TZP sliding against zirconia balls, specific 
wear from 10-3 to 10-4 mm3N-1m-1 and COF= 0.55 - 0.65 
have been reported [15].  
 
The high specific wear values (x10–4 and x10–5 
mm3/Nm) reached by the specimens tested using both 
kinds of balls correspond to the occurrence of severe 
wear related to brittle fracture. Debris particles and 
detached grains were present in the wear tracks of all 
specimens (Figs. 2 and 3) [17]. However, most part of 
the wear tracks was constituted by compacted layers 
with grooves and no large cavities were observed in the 
tracks, which would correspond to the mild wear stage. 
 
There was no preferential wear of any phase in the 
materials, as revealed by the coincidence of the relative 
amounts of phases in the wear tracks and the original 
materials. 
 
For specimens tested using ZrO2 (Fig. 2 a-b) the 
discontinuous aspect of the compacted layers, with high 
volume of debris particles and scratches in the sliding 
direction (Fig. 2 c-d), indicates that they were unstable.  
The compacted layers are formed by mechanical 
pressure of the debris particles against the ceramic 
surfaces during the ZrO2 ball sliding. These layers fill 
the voids and promote smooth tracks, with many deep 
fissures mainly perpendicular to sliding, as observed in 
other ceramic systems [16]. 
 
The worn surfaces of specimens tested with steel balls 
showed a considerable amount of iron. This fact 
indicates that here is material transferred from the balls 
to the tested surfaces due the high temperature of 
friction and mutual chemical compatibility. This 

reaction is a combination of adhesion and ploughing 
processes. 

 
The adhesion mainly occurred because of the chemical 
reaction between the sample surface and the 
counterpart, while the ploughing was mainly due to the 
entrapment of debris particles [16]. In these specimens, 
the amount of debris particles is lower (Fig. 3) due to 
the protection of the surface of the original material by 
the third body layer, thus, limiting the associated pull 
out [17]. 
 
In order to understand the differences in the relative 
wear of the studied materials, the microstructural 
characteristics and the mechanical properties 
summarised in table 3 should be analysed.  
 
DNZ material with larger grains and lower hardness 
presents higher specific wear, in particular for the 
highest sliding speed (0.15 ms-1) and the zirconia 
counterpart, where severe wear by fracture dominates.  
In the first stage of damage, DBZ material, with higher 
hardness, will experience lower plastic-damage, thus, 
lower plasticity-induced tensile stresses which are 
responsible for the onset of microcracks. Moreover, the 
average size of the flaws, which are the initiation sites 
of the wear-induced fracture, and the stress intensity 
factor acting on them, scale with the grain size [18-20], 
therefore, they  will be smaller for DBZ. Both factors, 
i.e: lower plastic deformation and lower proneness to 
fracture lead to the higher wear resistance of DBZ as 
compared to DNZ. 
 
 

 5. CONCLUSIONS 
 
The sliding wear behaviour of two CaZrO3-MgO 
materials with different impurities has been analysed. 
For both materials, the friction coefficients were higher 
for ceramic/metal pairs than in the ceramic/ceramic 
pairs while the specific wears were significantly higher 
when ceramic/ceramic pairs were used. 
 
In ceramic/metal pairs a stable cermet layer is formed as 
a result of the reaction between the counterpart of steel 
and the debris particles from fracture surface. This layer 
protects the surface of the original material reducing 
frictional force between the contact surfaces. 
 

Table 3. Grain sizes, amount of glass and hardness and 
Young modulus of the studied materials. [11]

Material DBZ DNZ

Grain size (µm)

CaZrO3 2 - 6 2 - 15

c-ZrO2 2.5 µm 1 - 2

MgO 3 - 3.5 1 - 4

SiO2 glassy phase (wt.%) 3.7 ± 0.3 12.16 ± 1.5

Mechanical
Properties

H (GPa) 10 ± 1 9 ± 3

E (GPa) 220 ± 10 199 ± 29
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In ceramic/ceramic pairs a discontinuous and unstable 
layer forms due to the mechanical pressure of the debris 
particles against the ceramic surface. The detachment of 
this layer leads to further damage. 
 
The higher hardness and lower grain sized material 
presented higher resistance to wear damage. 
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