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a  b  s  t  r  a  c  t

The  wear  behaviour  of a fine  grained  and  dense  CaZrO3-MgO  composite  is  presented.  Un-lubricated  Pin-
on-disc  tests  at room  temperature  have  been  performed  using  10 N  as normal  force  and  0.10–0.15  ms-1

as sliding  rate  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  is reported.  The  composite  presents  a  wear  resistance  similar
to  other  ceramics  under  ceramic/ceramic  sliding  contact  and  improved  wear  resistance  in contact  with
ar
ear

steel.
Initial  wear  is dominated  by  abrasion  independently  of the chemical  nature  of the  counterpart.  The

second  stage  wear  depends  on the characteristics  of the  third  body  formed.  Zirconia  leads  to a  brittle
particulate  third  body  with  little  protective  capability.  Steel  forms  a  strongly  bonded  and  plastic  cermet
third  body  that  protects  the material  limiting  the level  of further  wear.

© 2016  Elsevier  Ltd. All  rights  reserved.
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ature coefficient of capacitance of 40 ppm ◦C−1 and a good
r under electrical field versus temperature.
3 based materials are also alternative refractories for cast-
ium and its alloys, because they have the advantage of
rt to hydration while showing similar performance in use
,6].
CaZrO3 composites have been suggested as chrome free
ies to replace not only magnesia – chromite, but also mag-
r saturated spinel refractories. First temperature for liquid

 in pure MgO-CaZrO3 is 2060 ◦C and CaZrO3 is compati-
the main phases of Portland cement clinker in the solid
S:Ca2SiO4, C4AF:Ca4Al2Fe2O10 and C3S:Ca3SiO5). There-
O3 as a second phase of MgO  refractories would improve

istance against clinker phase melting and alkali attack.
r, CaZrO3 increases the resistance of MgO  to hydration and
hock [7–11].
ition, due to the similarities between the thermal expan-
thermal conductivity of CaZrO3 and Y2O3-fully stabilised
Z), CaZrO3 has been proposed as potential candidate for
nd environmental barrier coatings (TBC, EBC). [12,13].

o the above described characteristics, CaZrO – based
3
 can be considered as a good alternative to YFSZ for struc-
lications [14].
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Fig. 1. Main microstructural features of the CaZrO3- MgO  studied composite, DBZ.
The black areas with shinny borders are pores. Major phase (gray) is CaZrO3 (EDX
analysis, wt.%: ≈31–33 CaO and ≈67–69 ZrO2) and the clearest particles are c-ZrO2

(EDX analysis, wt.%: 2–4 MgO, 8–10 CaO and 85–89 ZrO2). The second phase (black)
is  MgO.
(a) Low magnification SEM micrograph (BSE COMPO image).
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3 is very rare in nature due to its high crystallization
ure  and the high affinity of Zr with Si, resulting in the

 of ZrSiO4 instead of CaZrO3.
 are several methods to synthesize CaZrO3, being the most

 the solid state reaction of equimolar CaO-ZrO2 mixtures.
f natural limestone or dolomite, with consistent chemical
ion, mixed with ZrO2 is an attractive alternative way  for
ost production of structural refractory materials.

 the specific wear values. Differences between values
ent tests under nominally equal experimental conditions
de the variability limits of those obtained for one wear

 volume loss for tests performed using ZrO2 balls was sig-
 larger than for those performed with steel. There were no
t differences between values for different sliding rates.
alls used as counterparts also lost some volume after
specially in the case of the ZrO2 ones which presented
wear scars as shown in Fig. 4
ularly, composite materials CaZrO3-MgO have been inves-

 refractories for steel and cement industry [7–10,15].
revious work [14] it was demonstrated that fine grained
e CaZrO3-MgO based materials with potential uses in

 structural applications can be fabricated from natural
s if the nature and amount of impurities is carefully con-

 particular, the phase composition – mainly the presence
nt of c-ZrO2 and glass as secondary phases- and the grain
e sintered materials are highly dependent on impuri-
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esent low viscosity at low temperature (≈1400 ◦C) which
strain their use in structural applications of responsibil-

the above mentioned actual and potential applications of
gO based composites require the materials to be resistant

Consequently, the study of their surface damage mecha-
en interacting with other surfaces is required.

study is focused to understanding the sliding wear

r of CaZrO3-MgO composites. From the previously devel-
terials, the one fabricated with the purest raw materials
en for this investigation. It is well known that the mechan-
hemical interactions of the contact surfaces remarkably



A. Silva et al. / Journal of the European Ceramic Society 37 (2017) 297–303 299

Fig. 4. Elliptical wear scar on the surface of a ZrO2 ball after testing a sliding distance
of  500 m at velocity of 0.1 ms-1.
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Fig. 5. Macroscopic aspect of the wear tracks. Characteristic low magnification SEM
micrograph.
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e wear behavior at room temperature under un-lubricated
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as been chosen as ceramic counterpart due to the chem-
atibility with the studied composite.
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omplete characterisation of the raw materials and
led processing procedure are reported elsewhere [14].
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3)2 and a commercial high purity (99.9%) monoclinic zir-
ZrO2 with d50 = 0.44 �m (Saint Gobain – Zir Pro, China),
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CO3)2 and contained calcite as minor constituent; main
s were Al2O3 (0.2 wt.%) and SiO2 (1 wt.%).
wders were attrition milled during 4 h with zirconia balls

 isopropyl alcohol as media. Final average particle size
= 0.60 �m.  The milled powders were dried at 60 ◦C dur-
nd uniaxially pressed at 20 MPa  into discs and sintered

C during 2 h. Final sizes were ≈10 mm of diameter and
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n tested using a stainless steel ball as counterpart.
n tested using a ZrO2 ball as counterpart.

s, Nanotec Electrónica, Spain) and the roughness of the of
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iven values are the average of the five determinations and

 the standard deviations.
tests were performed on a disk tribometer (tribotester
ETR, Bruker, USA). The counter bodies were balls of 6.3 mm

 made of stainless steel 440 (∼748 HV, MatWeb, mate-
erty data, www.matweb.com) and ZrO2 ball, (∼1300 HV,

 ceram Dr. Steinman, htc-YPSZ1, Germany).
sts were performed at room temperature under a nor-

 (F) of 10 N at sliding speeds of 0.1 and 0.15 ms−1. The
ius varied from 2 mm (0.1 ms−1) to 5 mm  (0.15 ms−1),
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Microscope, FE-SEM, with analysis by energy dispersive
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ly indicated, all micrographs correspond to secondary
. Quantitative analyses were performed using the internal
ns of the equipment.
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e circumference of the wear track, in agreement with the

 ASTM G99. The specific wear rates K were then calculated
 to the following equation:
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Fig. 6. Characteristic features of the wear tracks of specimens tested using stainless steel balls. (a), (c) and (e) correspond to the transition regions and (b), (d) and (f) to the
central  parts. FE-SEM micrographs.
(a)  and (b): low magnification micrographs showing flat compacted surfaces and zones with un-compacted debris particles.
(c) and (d): details of (a) and (b), respectively, showing heavily smeared surfaces with abrasion grooves.
(e):  detail o
(f):  detail o transg
fracture.
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Fig. 7. Characteristic features of the wear tracks of specimens tested using ZrO2 balls. (a), (c) and (e) correspond to the transition regions and (b), (d) and (f) to the central
parts. FE-SEM micrographs.
(a)  and (b): low magnification micrographs showing flat compacted surfaces and zones with un-compacted debris particles.
(c) and (d): details of (a) and (b), respectively, showing flat compacted surfaces with cracks and abrasion grooves.
(e): detail o
(f): detail o
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