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The aim of this work is to determine the values of the hardness and elastic modulus of the phases present in
CaZrO3-MgO-ZrO, composites and to analyse their contribution to the composite properties. Two materials
previously developed with the same major phases (CaZrOs;, MgO and c-ZrO,) present in different volume
fractions and grain size have been analysed. The hardness and Young’s modulus of each phase determined by
nanoindentation are independent from the specific composite and coincident with nanoindentation values for

single phase bulk materials. The contribution of the individual phases to Young’s modulus of the multiphase
materials is in agreement with calculations using the nanoindentation values and the Voight upper limit of the
“rule of mixtures”. Scale effect due to microcracking has been observed for micro-hardness values of the com-
posites and differences between calculations and experimental values are related to this effect.

1. Introduction

The recent trends in materials engineering favour composite mate-
rials as opposed to single phase ones. In this sense, considerable im-
provement in the properties of ceramics has been attained by com-
bining one or more components to obtain ceramic—ceramic composites.

As examples, in the field of advanced ceramics for severe conditions
of service, composite materials are widely used as cutting tools [1] and
are under development for thermal and environmental barrier coatings
(TBC, EBC) [2,3], due to their excellent thermal and chemical stability
together with high wear resistance.

However, the most known multiphase ceramics for severe en-
vironments are refractories. This ceramic family is responsible for the
success of essential industries connected to high temperature proces-
sing, such as glass factories, cements, thermoelectric power stations and
foundries [4,5].

In particular, oxide refractories such as those based on mullite,
corundum or zirconia with compositions in ternary multiphase systems
A1203-Si02-XO (X = Mg, Ca), Aleg-SiOz-ZfOz, A1203-CaO-MgO and
Zr0,-Ca0-MgO are traditional examples [4-9]. Additionally, more
complex compositions in the quaternary systems Al,03-Si0,-MgO-CaO
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or Al,03-Si05-MgO-ZrO,, are also usual [7].

The successful design of multiphase ceramics requires an integrated
approach which takes into account the equilibrium phase constitution
and how the properties of the constituent phases affect the global be-
haviour of the material.

This work is a part of a wider project focused to the development of
new multiphase oxide ceramics for structural applications of high re-
sponsibility with compositions inspired by those of refractories. The
ternary system ZrO,-MgO-CaO has been chosen due to the high tem-
perature of its eutectic point, 1982 °C [8,9]. Two fine grained and dense
Zr0,-CaZrO3-MgO materials with sufficient strength and excellent wear
resistance in sliding contact against steel and zirconia have been de-
veloped [10-12]. Further compositional designs focusing the im-
provement of the mechanical behaviour would require a detailed
knowledge of properties of the constituent phases and how they affect
the overall behaviour of the materials.

In principle, the macroscopic properties of multiphase ceramics
would depend on the properties of the individual constituent phases
and their distribution in the microstructure — volume fraction, particle
size, shape, orientation and location — together with the characteristics
of the grain boundaries and the porosity. In addition, the final
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properties might also depend on residual stresses developed during
cooling from the sintering temperature due to thermal expansion mis-
match of individual grains.

Micromechanical models aim at predicting the effective macro-
scopic properties of heterogeneous materials from the knowledge of the
characteristics of their various microstructural components. In this
sense, the determination of the intrinsic properties of each phase se-
parately in multiphase materials is needed for the development of new
materials with focused properties.

Several macroscopically homogeneous and isotropic composites
comprise material phases that cannot be recapitulated ex situ, most
studied examples of such phases are calcium silicate hydrates in ce-
mentitous materials (see [13] for a review) and hydroxyapatite in bone
(e.g. [14]). In the same way, heterogeneous anisotropic composites
such as layered or coated materials present a similar problem, being the
thin films a clear example of this behaviour [15]. Moreover, even for
phases whose properties can be determined in bulk specimens, their
characteristics when included in a composite are often somewhat dif-
ferent from material characteristics in bulk pieces [16-18]. Thus, in
many cases the mechanical characterization of the constituent phases,
in order to deduce their contribution to the overall behaviour of the
composite, obviates conventional mechanical testing of large re-
presentative specimens.

The evaluation of the in situ elastic properties and hardness of the
constituent phases of composites involves measurements at small vo-
lumes, which, in principle, can be accomplished by instrumented na-
noindentation tests. The local properties of materials are determined by
monitoring the penetration depth of an indenter tip of definite geo-
metry as a function of applied load. Young’s modulus and hardness are
calculated from the contact stiffness, i.e. the slope of the initial portion
of the unloading curve, employing the Oliver-Pharr method [19]. Ex-
tensive work has been dedicated to extract the local mechanical char-
acteristics of ceramics from the loading-unloading curves
[13-18,20-27].

Initially, the method was applied to characterise thin films of known
thickness. In some cases, the thin film properties are extrapolated for
indentation depth approaching zero (e.g. [23]). Another method con-
sists in using the ratio Load/Stiffness to determine the range of in-
dentation depth where the effects of the substrate are minimized (e.g.

Table 1
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[24]).

In order to characterize multiphase bulk materials, the grid in-
dentation statistical analysis was proposed by Ulm et al. [20] and has
successfully been applied to assess mean properties of separate phases
in different ceramic materials [13-17,21,22]. The method involves the
analysis of a large number of indentations performed blindly on the
surface assuming that the frequency of results is determined by the
volume fraction of the phases. This method is especially useful for
materials in which the particles of the constituent phases are difficult to
identify by microscopy and have similar mechanical behaviour.

In materials with constituents of different nature resulting in dif-
ferent responses to loading in terms of elastic-plastic behaviour, the
characteristics of the curves might serve as a guide to differentiate the
indented phases [15,18].

When the phases present in the material can be identified by mi-
croscopic means, it is not necessary to realise deconvolution and sta-
tistical analysis. In some cases, it is possible to identify the phase prior
to performing the indentations [25]. Alternatively, blind indentation
grids can be done and the residual imprints can be associated to the
recorded load-displacement curves after testing by microscopy
[22,25-27].

The aim of this work is to determine the values of the hardness and
elastic modulus of the phases present in CaZrO;-MgO-ZrO, composites
and to analyse the contribution of each phase to the hardness and
elastic modulus of the materials.

Two materials previously developed [10-12], with the same major
phases (CaZrOs, MgO and c-ZrO5) but in different volume fractions and
grain size have been analysed. The hardness and Young’s modulus of
each phase have been determined by nanoindentation and compared to
those of bulk materials. The expected contribution of the phases to the
properties of the composite has been evaluated by means of simple
models and compared to the properties of the multiphase ceramics.

A summary of values reported in the literature for CaZrOz;, MgO and
c-ZrO, bulk materials is presented in Table 1 [26,28-38]. Only mac-
roscopic data have been found for CaZrOs, for which Vickers indenta-
tion values between 8 and 11 GPa and Young’s modulus around
230 GPa have been reported. Nanoindentation has been used to char-
acterise single crystals of MgO; reported Young’s modulus values
(=280-290 GPa) are in the same range as bulk values calculated for

Mechanical properties for bulk specimens of the major phases present in the studied materials.

density E (GPa) H (GPa) Materials Methods Ref.
D (%) p (8/
em®)
CaZrO; 97 9.20 = 0.17 Ca0:ZrO, = 51:49 mol% HV 28,29
10.61 = 0.11 Ca0:ZrO, = 45:55 mol%
97-98 8.42 + 0.11  Stoichiometric grain size: 1-4 pm
~230 11 HV 30
96.8 4.46 224 + 1 8.1 = 0.1 Polycrystalline bulk samples prepared by SPS ultrasonic pulse-echo; HV (9.8 N, 15 s) 31
95-96 ~231 grain size < 5um pulse-echo 32
MgO =99 3.5 =270 3 point bending 33
100 =278
274 + 152 995 * 0.3 single crystal Nanoindentation (500-1500 uN) 34
290 = 38 84 1.7 single crystal Nanoindentation (50-200 nm, 25-400 mN) 35
9.19 single crystal Nanoindentation h > 400 nm 36
=12 h < 200 nm
¢c-ZrO, 248 19.8 9.5 mol% Y, single crystal Nanoindentation (1-650 mN, 20-1000 nm) 26
250 19.5 2.8 mol% Y, grain size 3.84-4.63 um, duplex  (cubic)
microstructure
96.9 210.2 = 5.2 16.2 = 0.6 8 mol% Y, grain size 3.43 pm Nanoindentation (5 mN, 1 mN/s, hold 2 s) 37
100 ~231 ~17.8
240 + 9 19.6 = 0.7 Industrial Ca-stabilised zirconia Nanoindentation (6 mN, 0.6 mN/s, hold 10 s)

* Calculated for zero porosity using [38].

** Calculated from Er = 187.5 *= 5.2 using E; = 1141 GPa and Poisson’s ratio of 0.07.

*** Duplex material (cubic and tetragonal) zirconia.

* Industrial Ca-stabilised zirconia characterised in this work.
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zero porosity materials from bending data. Hardness of the single
crystals has been found to decrease with increasing indentation depth.
It has not been possible to find data for Ca-stabilised ZrO,. Young’s
modulus and hardness determined by nanoindentation on a YSZ single
crystal and cubic grains in YSZ duplex materials are similar
(E = 250 GPa, H = 20 GPa) while single phase materials with 8 mol%
of Y03 present slightly lower values (E = 230 GPa, H = 18 GPa).

2. Experimental

The complete characterisation of the raw materials and the detailed
processing procedure to fabricate fine grained and dense CaZrO3-MgO-
ZrO, multiphase ceramics are reported elsewhere [10]. The starting
materials were two different natural dolomites (MgCa(COs),) from
Argentina and high purity ZrO, (Saint Gobain — Zir Pro, China). The
designation of the materials was DBZ for the equimolar mixture of m-
ZrO, and the purest dolomite (CaO + MgO = 97.4wt.% and
Si0, < 2 wt.%) and DNZ for the equimolar mixture of m-ZrO, and the
low purity dolomite (CaO + MgO = 86.5 wt.% and SiO, = 10.2 wt.
%). Attrition milled powder mixtures were uniaxially pressed and sin-
tered at 1450 °C during 2 h to reach discs specimens of 10 mm diameter
and 8 mm thickness. Testing surfaces were polished using diamond
paste down to 3 pm. Three nominally identical specimens were used for
characterising each material.

Vickers hardness (Mitutoyo AVK-C2) was performed with load of
100 N during 15 s following the procedure described in ASTM C 1327.
Five valid indentations were used for each material.

Nanoindentation tests were conducted at room temperature in air,
using a Nano NH-3 (CETR, USA) with an atomic force microscope
(AFM), which has load and depth sensing resolutions of 0.03 uN and
0.02 nm, respectively. A Berkovich diamond indenter of 100 nm tip
radius was used to perform indentations during 10 s with loading and
unloading rates of 0.05 mm/s. Curves of applied indentation load (P) as
a function of penetration depth (h) were recorded during both loading
and unloading. From these curves, hardness (H) and Young’s modulus
(E) were calculated employing the model proposed by Oliver and Pharr
[19].

The recorded data were corrected for the elastic recovery de-
termined considering the unloading residual depth with less than 10%
of maximum load applied. The contact area and the frame stiffness were
calibrated using fused silica.

Nine matrices of 3 X 3 indents (span of 20 um) were performed in
each material attempting to determine the bulk (composite) and local
(individual phase) responses. Each matrix consisted in one large in-
dentation (load = 500 mN; penetration depth ~1600 nm; loading rate
~50mN/s) and eight small ones (load = 6 mN; penetration depth
~160 nm; loading rate ~ 0.6 mN/s), with holding of 10 s at maximum
load. Reported values for the results obtained from the large Berkovich
indentations (nine in each material) are the average of at least six re-
sults and errors are the standard deviations.

All residual imprints were inspected using a field emission scanning
electron microscope equipped with an energy dispersive X-ray spec-
troscopy (EDX) system (FE-SEM, Hitachi, S-4700, type I, Japan). In this
way, it was possible to identify whether the indentations were valid
—i.e. performed inside the grains- or they were located at grain
boundaries or pores. Moreover, it was possible to identify the specific
phase in which the valid indentations were embedded. The number of
valid determinations for each phase is described in the results.

In addition, an industrial specimen of Ca-stabilised zirconia was
tested by nanoindentation under the same conditions and the marks
located in dense areas where identified and used for calculations.

3. Results

The complete microstructural characteristics of the studied mate-
rials (DBZ, DNZ) are reported elsewhere [10]. Both materials were
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dense (=100% and 97 * 1% of theoretical density for DBZ and DNZ,
respectively) and homogeneous.

Regarding the crystalline constituents, major phases in DBZ were
CaZrO; (75.4 = 0.5wt.%) and MgO (18.8 * 0.4 wt.%); c-ZrO,
(Ca0_152r0_850185, 2.2 = 0.1 wt.%) and merwinite (Ca3Mg(SiO4)2,
3.7 * 0.3 wt.%) were present as minor phases. The main crystalline
phases in DNZ were CaZrOsz (54.0 = 0.9wt.%), c-ZrO,
(Cap.15Zrp850185 17.5 = 0.5wt.%), MgO (16.2 = 0.5wt.%) and
merwinite (CagMg(SiO4)», 11.5 * 1.2 wt.%); Ca,SiO4 was present in a
low amount (0.66 * 0.3 wt.%) as minor phase. As it will be observed
in the figures, major phases presented distinct colours when analysed
by FE-SEM: MgO was dark gray, calcium zirconate was light gray and
zirconia was brilliant white. 4 and 10 wt.% of non-diffracting phases
were also identified by Rietveld analysis in DBZ and DNZ, respectively.
Dark areas of variable composition observed by FE-SEM, especially in
DNZ, would correspond to these non-diffracting phases and/or mer-
winite.

A characteristic AFM image of the 3 X 3 nanoindentation matrices
performed in the multiphase materials shown in Fig. la. This image
helped to localise the different indentations in order to identify their
location in the microstructure by FE-SEM (Fig. 1b). Similar procedure
was performed for Ca-stabilised zirconia (Fig. 1c). The industrial spe-
cimen was relatively porous so only nanoindentations in dense portions
of the material could be used to determine the reference values for Ca-
stabilised ZrO, shown in Table 1. The obtained values are similar to
those reported by Gaillard et al. [26] for single crystals and individual
cubic grains of YSZ.

Fig. 2 shows characteristic Vickers indentations for both multiphase
materials. The imprints affect large material volumes constituted by
numerous grains of the different phases. Cracks emerging from the
vertices of both imprints are observed. Some cracks are observed at the
edges of the imprints, especially in DNZ in which the edges are heavily
cracked and numerous grains have been detached from them (Fig. 2b).
The constituent phases are easily distinguishable by the colours. DBZ
material has CaZrOj grains (light gray) with sizes, § = 2-6 um, MgO
grains (dark gray) with ¢ = 3 pm, and c-ZrO, grains (brilliant white)
with ¢ = 2.5 um. Microstructure of DNZ is coarser, with CaZrO3 and
MgO grains with ¢§ = 2-15 pm and 1-4 pm, respectively. c-ZrO, grains
in DNZ, with ¢ = 1-2 pym, are smaller than in DBZ.

Fig. 3 shows results of the large Berkovich indentations for both
materials and the corresponding load-penetration curves. Several grains
of the different phases are embedded in the imprint for material DBZ
(Fig. 3a) while the large grains of DNZ (Fig. 3b) are only partially
embedded in the imprint. In both materials, cracks emerge from the
vertices but no detachment of grains is observed. There are no dis-
continuities in the load-depth curve of DBZ while an increase in depth
for constant load during the holding period at maximum load was de-
tectable in the curves of DNZ (Fig. 3c). Such feature is usually called
“pop-in”.

Table 2 summarizes the bulk properties of the materials calculated
using the high load Vickers and Berkovich indentations. Young’s
modulus for DNZ is slightly lower than for DBZ. Vickers indentation
gives lower values of hardness for DNZ than for DBZ while the high
variability associated to Berkovich hardness values of DNZ impedes to
detect the potential differences between the materials.

Using FE-SEM it was possible to localise a total of 62 and 60 im-
prints in DBZ and DNZ specimens, respectively.

In DBZ 45 imprints were embedded in well differentiated phases
—37, 3 and 5 in CaZrOs, c-ZrO,, MgO, respectively- and 35 in DNZ
specimens —21, 8 and 6 in CaZrOs, c-ZrO,, and MgO, respectively.
Fig. 4 shows representative imprints localised in c-ZrO,, CaZrOs, and
MgO grains and Fig. 5 shows the corresponding load (P) versus depth
(h) curves. Imprints shown in Fig. 4 are small enough to be completely
embedded in the grains. None of the imprints presented the char-
acteristic shape of significant pile-up or sink-in [40] and the P-h curves
did not exhibit any sign of discontinuity that would reveal fracture-like
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Fig. 1. Example of the procedure used to identify the indentations in the microstructure
of the materials. Matrix of 3 X 3 Berkovich indentations (span of 20 pm) on the surface of
a DBZ specimen.

a) AFM image where a large imprint (edge of ~10 um) and eight nanoindentations (edge
of ~600 nm) are observed.

b) FE-SEM image where the location of the imprints of figure (a) in the microstructure can
be identified. Circles, squares, triangles and pentagons correspond to indentations located
at grain boundaries, CaZrO3 grains, MgO grains, and c-ZrO, grains, respectively.

¢) AFM image of the industrial Ca-stabilised zirconia where a nanoindentation (edge of
~600 nm) is observed.

phenomena, therefore, they were used to obtain the local hardness and
Young’s modulus of ¢-ZrO,, CaZrO3, and MgO plotted in Fig. 6.
17 and 16 imprints were found in grain boundaries of DBZ and DNZ
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specimens, respectively. Additionally, 9 imprints were observed in
black areas of DNZ specimens. As discussed elsewhere [10] these areas
are relatively small and with highly variable chemical composition and
shape, thus, it is not possible to discern their nature. Moreover, the
associated ranges of E and H values were extremely broad.

4. Discussion

The features of the residual imprints corresponding to Vickers in-
dentations, with cracks along the edges and grains detached are typical
of polycrystalline ceramics presenting residual stresses (e.g. alumina
[41]). In these materials microcracks develop under the highly loca-
lized loads involved in indentation testing, depending on the grain size
and the relative orientation of the grains.

The materials studied here are prone to the development of residual
stresses during cooling from the sintering temperature due to thermal
expansion mismatch between the different phases present a average
between 298 and 1675 K, o = 10 x 10 K~ for CaZrO5 [42] and c-
ZrO, stabilised with Yttria [43] and a = 12 x 10~ ° K™ for MgO [44]
and, especially, due to the crystalline thermal expansion anisotropy of
CaZrOz (a. =49 x 107 °K™", o, =109 x 107 °K™', a. =15.1
x 107®K™! [42]). Therefore, cracks develop under the Vickers in-
denter especially in materials DNZ, which presents much larger grain
sizes (Fig. 2b).

For DBZ, there are no significant differences between Vickers and
Berkovich bulk hardness values because both kinds of imprints affect
material volumes representative of the microstructure (Figs. 2 and 3 a).
The large grains in DNZ were only partially embedded in the Berkovich

Fig. 2. Characteristic Vickers indentations (100 N, 155s) observed by FE-SEM. Cracks
emerging from the vertices are observed.

a) Material DBZ. Cracks are observed along the edges.

b) Material DNZ. Grain detachment and cracks are observed along the edges.
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Table 2
Bulk mechanical properties of the studied multiphase materials, DBZ and DNZ.

Journal of the European Ceramic Society 38 (2018) 2194-2201

Vickers Berkovich Calculated””
Material HV (GPa) H (GPa)” H (GPa) E (GPa) H (GPa) E (GPa)
DBZ 88 = 0.4 9.5 + 0.4 10 = 1 220 = 10 12.3 = 09 227 = 12
DNZ 75 * 04 81 + 04 9 +3 199 = 29 12.0 = 0.7 205 + 10

* Calculated using H = 1.0785HV [39].
** Using data from Table 4.

1
Depth (nm)

Fig. 3. Results from Berkovich indentation at high load (500 mN, 10 s).

a) Characteristic residual imprint in DBZ embedding a representative portion of the mi-
crostructure. FE-SEM micrograph. Cracks emerging from the vertices are observed.
b) Residual imprint in DNZ with grains partially embedded. FE-SEM micrograph. Cracks

emerging from the vertices are observed.

c) Load (P) versus depth (h) curves corresponding from Berkovich indentations at 500

mN.

2 um

Fig. 4. Characteristic results from Berkovich nanoindentations (6 mN, 10s). Residual

imprints corresponding to the load versus depth curves used to determine the local

properties of the different phases shown in Fig. 5. The imprints are totally embedded in

a) c-ZrO,.
b) CaZrOs.
c) MgO.
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Fig. 5. Characteristic results from Berkovich nanoindentations (6 mN,
10 s). Load versus depth curves used to determine the local properties of
the different phases shown in Fig. 4 and the single phase Ca-stabilised
ZrO, (Ca-SZ) bulk material. No discontinuities are observed.

MgO

6’&1{} ﬁ
0000P L gn .
60 80 100

Depth, h (nm)

indentations (Fig. 3b). Therefore, the values of the bulk properties for
DNZ were highly variable, depending on the specific area tested. As a
result, it is not possible to identify differences neither between Berko-
vich and Vickers hardness values for DNZ nor between Berkovich

300
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220 [ ® cZ
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H (GPa)

Fig. 6. Summary of calculated E and H values for all identified residual imprints in-
dicating the corresponding phase.

a) Material DBZ.

b) Material DNZ.

120 140

160

hardness for DBZ and DNZ (Table 2).

The large cracks originated in polycrystalline samples during testing
at relatively high loads, such as those observed in Figs. 2 and 3 do not
affect the shape of the load-depth curves [41,45]. The presence of pop-
in phenomena in the loading region of the load-depth curves is asso-
ciated to occurrence non-elastic phenomena such as the elastic-plastic
transition at low scale or phase transformation (e.g: [17]) in mono-
crystals and to fracture in the indenter-surface contact region in iso-
tropic brittle materials such as soda-lime glass and fused silica [46]. The
observed extensive microcracking and grain detachment under the in-
denter in DNZ can be responsible for the appearance of the “pop-in”
event observed at the maximum load (Fig. 3c).

The characteristic imprints shown in Fig. 4 are small enough to be
completely embedded in the grains and the associated P-h curves do not
exhibit any sign of discontinuity that would reveal fracture-like phe-
nomena. Thus, the obtained P-h can be used for extracting the me-
chanical properties of the individual phases, which retained their me-
chanical integrity throughout the indentation test.

The values of E and H calculated from the P-h curves plotted in
Fig. 6 show clear distinct behaviours between the singular properties of
the three main phases. Table 3 summarizes the average values of
hardness and Young’s modulus of the individual phases. For each phase,
differences between the values obtained for the two materials are
within the limits of the experimental variability.

The fact that values of the properties obtained for the individual
phases are independent of the material (Table 3, Fig. 6) indicates that
their contributions to the global behaviour of the materials are in-
dependent of their amount and the characteristics of the particles (size
and shape).

Reported values for Young’s modulus of MgO single crystals de-
termined by nanoindentation summarised in Table 1 are similar to
those determined in this work (Table 3). Hardness of the single crystal
is coincident to our results for depths (h < 200 nm) similar to those

Table 3
Hardness and Young modulus experimental values obtained for the individual phases.

Phase H (GPa) E (GPa)

DBZ CaZrO3 13.0 = 0.8 230 + 15
MgO 121 = 0.9 288 * 5
c-ZrO, 19.1 = 0.3 261 + 16

DNZ CaZrO3 13.2 = 09 227 + 12
MgO 11.9 + 0.6 281 + 7
c-ZrO, 19.3 = 0.4 251 = 5
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Table 4
Values used to calculate bulk properties.

Journal of the European Ceramic Society 38 (2018) 2194-2201

Theoretical density (g/cm®) XRD file Experimental Literature wt.% vol.%
E (GPa) H (GPa) E (GPa) H (GPa) DBZ DNZ DBZ DNZ
CaZrOs 4.61 01-076-2401 228 = 17 13 +1 72.4 49.5 66.2 43.6
MgO 3.57 01-071-1176 284 £ 9 12 £ 1 18 14.7 21.3 16.7
c-ZrOy 5.55 00-026-0341 256 *= 21 19.2 = 0.5 2.1 15.3 1.6 11.2
CazMg(SiO4)» 3.34 00-035-0591 116 [51] 9.7 [50] 3.5 10.5 4.4 12.8
CMSZ glass 2.6 - 89 7 4 10 6.5 15.6

* Calculated for MgO-SiO,-CaO glass according to [52], p. 376.
** §i0, glass [52], p. 413.

*** Calculated from the contents of crystalline and non-diffracting phases determined by Rietveld.

used here (h < 150 nm, Fig. 5).

Results of Table 3 for c-ZrO, are similar to those obtained here for
the industrial specimen of Ca-stabilised ZrO, and to those reported by
Gaillard et al. [26] for single crystals and individual cubic grains of YSZ
shown in Table 1.

Regarding MgO and c-ZrO,, results for each phase are coincident in
both materials. Moreover, there is a satisfactory agreement between the
results listed in Table 3 for the grains of these phases in the studied
composites and those for bulk ceramics of the same composition sum-
marized in Table 1. Both facts sustain and validate the methodology
implemented in this investigation for the extraction of the mechanical
properties at the local (individual phase) level.

Up to the knowledge of the authors, this is the first time that na-
noindentation values of H and E for CaZrO; are reported. There is a
satisfactory agreement between the experimental results listed in
Table 3 and those reported for bulk Young’s modulus of dense CaZrO3
ceramics (Table 1) while hardness values are higher (=18%) than va-
lues obtained using Vickers indentation in bulk materials.

Calculations following the Oliver-Pharr method assume a stiff and
perfect conical indenter in contact with a plane. In reality, no Berkovich
indenter is ideal and the point has spherical shape. The effect of this
deviation from ideal is more significant in small indentations with re-
spect to the tip radius, as the ones discussed in this work [47] and
would lead to overestimated E and H values because the area included
in calculations is smaller than the real one. However, calibration with a
material of known properties help to overcome this effect and, in fact,
Young’s modulus values determined here for the grains of the different
phases in the composites coincide with those of bulk ceramics, as dis-
cussed above.

Vickers hardness values for CaZrO; ceramics (Table 1) are sig-
nificantly lower than those determined here by nanoindentation for the
grains of this phase in the composites (Table 3). It is well known that
hardness of material tends to increase with decreasing load; this scale
effect is usually referred as indentation size effect (ISE) when it is due to
plasticity. There have been identified other factors to this increase
which depend on the specific material, especially in ceramics [48]. As
discussed above for the composites, Vickers indentation values for
CaZrO3 ceramics could also be affected by microcracking due to re-
siduals stresses originated in this phase with high thermal expansion
anisotropy [42] what will lead to lower hardness values as compared to
those of singular grains.

In order to analyze the contribution of the phases to the global
behavior of the materials studied here, the values of hardness and
Young’s modulus of the two multiphase ceramics, DBZ and DNZ, were
estimated using the superior limit of the “rule of mixtures” (Voight
upper limit [49]). Values from Table 4 were used for calculations. The
volumetric fractions of the phases were calculated from the weight
fractions re-calculated taking into account the amount of glass and the
theoretical densities. Hardness and Young’s modulus of CaZrO3;, MgO
and c-ZrO, were the averages and errors of the experimental values for
the two materials. As it was not possible to determine the properties of
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merwinite and glass, values were taken from the literature.

Regarding hardness, there is a fairly good agreement between the
calculated values and those obtained using the large Berkovich in-
dentation for material DBZ. For the larger Vickers indentations in both
materials, values are significantly lower than those calculated from
nanoindentation data, what would be explained by the scale effect
discussed above. For both materials, the values of Young’s modulus
calculated using the Voight limit and the experimental bulk properties
determined using the large Berkovich indentation are coincident.

5. Conclusion

It is possible to determine the Young’s modulus, E, and the hardness,
H, of the individual phases present in fine grained and dense CaZrOs-
MgO-ZrO, multiphase materials using nanoindentation tests, once the
localisation of the imprints in the microstructure is assured by micro-
scopical means. Properties of the individual phases are coincident to
those of the corresponding single phase bulk materials. E and H of the
individual phases are independent of the material; therefore their ef-
fective E and H in the composites are independent of their amount and
the characteristics (size and shape).

The contribution of the individual phases to Young’s modulus of the
multiphase materials can be estimated from their Young’s modulus
using the Voight upper limit of the “rule of mixtures”. Differences be-
tween hardness values estimated using this limit and those of micro-
hardness tests are due to an indentation scale effect.
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