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A B S T R A C T

This study was undertaken to determine the effect of zircon content and firing temperature on the hardness and
indentation modulus of zircon–glass composites obtained by sintering. A standard non-devitrified borosilicate
glass (SRM 717a) powder and an industrial micrometric zircon powder were used to prepare mixtures with a
zircon volume/solids volume between 0 and 0.63, by the wet method. The values of these mechanical properties
were determined by nanoindentation and related to the most important microstructural characteristics of the
composites, such as porosity, zircon volume fraction, glass volume fraction, and average zircon grain size.
Composite mechanical performance was interpreted and determined by statistically analysing the results of a
large number of indentations using two maximum loads. An empirical model was developed that describes the
effect of these microstructural characteristics on composite hardness and modulus of indentation. Composites of
high hardness (11.3 ± 2.5 GPa) and low porosity (ε = 0.07) were obtained at 1100 °C from a mixture with a
zircon volume/solids volume of 0.43.

1. Introduction

Of the properties requiring only a small volume of material for their
determination, the nanoindentation measurement of hardness best
characterises a material's wear performance. This property is critical for
glazed floor tiles. Many ceramic coatings, including ceramic glazes,
consist of more or less complex glass matrix composites (GMCs). Zircon
content has been shown to have a positive effect on glaze mechanical
properties [1–6]. In no reported case, nor in industrial practice, how-
ever, does glaze zircon content exceed 12–15%, regardless of whether
the zirconium is introduced as part of a frit or added as zircon. As a
result, very little information is available on the effect of zircon on the
mechanical properties of materials (glazes or GMCs) with a higher
zircon content than that used in industry [7]. Similarly, only a few
recent studies are available on the nanomechanical properties of glazes
[8]. This study was therefore undertaken to examine the mechanical
properties, by nanoindentation, of composites with a zircon content
ranging from 0 to 0.63 zircon volume/solids volume, to establish a
relationship between the microstructural characteristics of these ma-
terials and their nanomechanical properties. The resulting information
is extremely useful when it comes to designing coatings, such as glazes
for ceramic floorings intended for heavy traffic, which will be subjected
to high abrasion.

In a previous study, sintered zircon–glass composites with different
zircon volume/solids volume, ϕ ≤ 0.63, were obtained and micro-
structurally characterised. The results, mechanism, and kinetic model
of the non-isothermal sintering process were described in previous
papers [9,10]. This study was undertaken to determine the effect of the
zircon content, ϕ, and firing temperature on the indentation modulus,
M, and hardness, H, of these composites. These mechanical properties
(M and H) were related to the most important microstructural char-
acteristics of the composites, such as porosity, ε, zircon volume fraction,
ϕz (zircon volume/total volume), glass volume fraction, ϕv (glass vo-
lume/total volume), and average zircon grain size, G. The effect of the
maximum indentation load, Pmax, on H and M was also determined. The
mechanical performance of each composite was determined by statis-
tically analysing the results of a large number of indentations.

2. Materials and methods

In a previous study, a standard non-devitrified borosilicate glass
(SRM 717a) powder and an industrial micrometric zircon powder
(Table 1) were used to prepare mixtures at different zircon volume/
solids volume, ϕ, by the wet method. The microstructural character-
istics of composites made up of these compositions were determined by
scanning electron microscopy (SEM) (with EDS and image analysis) and

https://doi.org/10.1016/j.ceramint.2020.01.075
Received 14 November 2019; Received in revised form 8 January 2020; Accepted 9 January 2020

∗ Corresponding author.
E-mail address: encarna.blasco@itc.uji.es (E. Blasco).

Ceramics International xxx (xxxx) xxx–xxx

0272-8842/ © 2020 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Please cite this article as: J.L. Amorós, et al., Ceramics International, https://doi.org/10.1016/j.ceramint.2020.01.075

http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2020.01.075
https://doi.org/10.1016/j.ceramint.2020.01.075
mailto:encarna.blasco@itc.uji.es
https://doi.org/10.1016/j.ceramint.2020.01.075


X-ray diffraction (XRD). The results have been published elsewhere
[9,10].

In this study, cylindrical test pieces, about 2 × 2cm, obtained by
slip casting from the above powders, were subjected to 5 K/min in a
laboratory furnace. Each test composite surface to be mechanically
tested was ground and diamond polished to a mirror-like surface finish
following 9μm–1μm steps.

Nanoindentation measurements were performed using a
Micromaterials Nanotest 600 indenter, with a Berkovich diamond tip,
equipped with a continuous stiffness measurement module, which al-
lowed dynamic determination of each material's properties during in-
dentation from the load–displacement curves according to the Oliver
and Pharr method [11,12]. Numerous nanoindentations (50 imprints in
the case of the maximum applied load, Pmax = 1 N, and 100 imprints
for Pmax = 100 mN) were performed with a distance between imprints
of 50 μm. For Pmax = 1 N, the loading rate was 100 mN/s; for
Pmax = 100 mN, this was10 mN/s. In both cases, dwell time at Pmax was
10s.

The indentation data were analysed using some elementary statis-
tics relations. It was assumed that the distribution of the property,
X = M or H, of each mechanical component, j (glass, zircon grain, pore,
and zircon–glass cluster), could be approximated by the normal or
Gaussian distribution [13,14]:
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where μ‾j is the arithmetic mean of all Nj values of each mechanical
component and σj is its standard deviation. For Pmax = 1 N, the bulk
mechanical response of a large volume of material was obtained. In this
case, the indentation results could be described by a single mechanical
component. For Pmax = 100 mN, deconvolution of the mechanical re-
sponse distribution into four components was required to describe the
experimental results. Thus, the probability distribution function was:
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where fj is the volume fraction of each mechanical component. In ad-
dition, the following shall be obeyed:
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3. Results and discussion

Nanoindentation allows determination of the H and M values of the
representative volume element (RVE), whose characteristic size or
length scale, L, is roughly 3hmax for Berkovich indentation [14]. For the
composite with high zircon content, ϕ = 0.525, obtained at 1350 °C
(Fig. 1), peak loading at Pmax = 0.1 N led to an average maximum
indentation depth, hmax, of ≈0.4 μm, which involved an RVE (solid
triangles in Fig. 1b) with a length scale of L ≈ 1.2 μm, which was
smaller than the following homogeneous areas shown in Fig. 1b: pores
(referenced 1), glass matrix areas (referenced 2), clusters of small zircon
grains embedded in the glass matrix (referenced 3), and large zircon
grains (referenced 4). The overall H and M distribution was deconvo-
luted into four Gaussian distributions (eqs. (1) and (2)), each char-
acterising its corresponding area (Fig. 1c). For Pmax = 1 N, the average
maximum indentation depth, hmax, was ≈2 μm; consequently, the RVE
(empty yellow triangle) and L ≈ 6 μm were of the same order as or
larger than the size of the areas of the four components mentioned
above, so that a wide Gaussian distribution was obtained (Fig. 1a).

It was further confirmed that, for Pmax = 0.1 N, on averaging the
values of H (100 indentations), a larger arithmetic mean H‾ = 12.6 GPa
and standard deviation σ = 8.2 GPa were obtained than those found on
using Pmax = 1 N, H‾ = 10.2 GPa, and σ = 2.7 GPa (Fig. 1a), owing to
the so-called indentation size effect (ISE) [15,16]. It was also verified
that, for Pmax = 1 N, the average maximum indentation depth, hmax,
was ≥1 μm, a critical value at which the ISE is negligible [15,16]. As a
result, Pmax = 1 N was used to determine the effect of composite mi-
crostructure on its mechanical properties.

The values of M‾ and H‾ generally increased as porosity, ε, decreased
and the composite zircon volume fraction, ϕz (zircon volume/total
volume), increased (Fig. 2a and b). The maximum temperatures at
which the composites were fired are shown in Fig. 2c. It may be ob-
served that, for each value of ϕ, the values of M‾ (Fig. 2a), H‾ (Fig. 2b),
and T (Fig. 2c) aligned in straight lines (which started from ε = 1)
except for the points corresponding to ϕ = 0.525 (zircon volume/solids
volume) fired at high temperatures (1300 °C and 1350 °C, Fig. 2c)
owing to partial zircon solution [9,10] (parallel to increased zircon
grain size).

Taking into account that, for a pore-free binary composite, the effect

Table 1
Values of d90, d50, and d10 for the glass and zircon powders, corresponding to
less than 90%, 50%, and 10% by volume, respectively, of the particles.

Powder d90 (μm) d50 (μm) d10 (μm)

Glass 17.7 5.6 1.5
Zircon 3.4 1.5 0.5

Fig. 1. Cumulative distribution functions (CDFs) and frequency of hardness, H: a) Pmax = 1 N and c) Pmax = 0.1 N. The plot in Fig. 1c was deconvoluted into a series
of four-mechanical-component CDFs, which were assumed to be Gaussian. b) SEM micrograph of the composite showing the representative volume elements, RVEs,
for Pmax = 1 N (empty yellow triangle) and Pmax = 0.1 N (solid coloured triangles). Composite ϕ = 0.525 fired at 1350 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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of each component on its mechanical properties follows the mixture
rule, one obtains [17,18]:

= − +M M ϕ M ϕ[ (1 ) ]g z (4)

and

= − +H H ϕ H ϕ[ (1 ) ]g z (5)

where Mg = 76 ± 7 GPa and Hg = 7.23 ± 1.6 GPa were the ex-
perimentally measured glass indentation modulus and hardness;
Mz = 397 GPa and Hz = 20.5 GPa were the zircon indentation modulus
and hardness, calculated [13] from the values of the elastic modulus
and Poisson ratio reported in the literature [19].

Based on the results of Fig. 2, the effect of porosity, ε, on the strain
modulus, M, and hardness, H, [17,18], and the effect of grain size, G, on
hardness, H, [18], the following equations were proposed to describe

Fig. 2. Effect of porosity, ε, zircon volume fraction, ϕz, and glass volume
fraction, ϕv, on: a) indentation modulus, M‾ ; b) hardness, H‾ ; and c) peak firing
temperature.

Fig. 3. Fit of the experimental data to the calculated values: a) H from eq. (7)
and b) M from eq. (6). c) Relationship between M‾exp and H‾exp.
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the effect of porosity and grain size on H and M:

= − + −M M ϕ M ϕ exp aε[ (1 ) ]· ( )g z (6)

and

= − + + −−H H ϕ H ϕ bG exp cε[ (1 ) (1 )]· ( )g z
0.5 (7)

where a, b, and c are fitting parameters.
The experimentally determined values of H fitted very well to eq.

(7) (Fig. 3a) with b = 0.21 μm0.5 and c = 4.44. The same occurred with
M (eq. (6)), a value of a = 3.80 being obtained (Fig. 3b). The values of a
and c, which describe how porosity, ε, affected M and H, were similar to
those obtained by other researchers [17,18]. On the other hand, it may
be observed that the scatter of M and H generally increased as their
average value rose (Fig. 3a and b). However, at similar values of M‾ and
H‾ , their scatter increased with ϕ. Indeed, for composites with small M‾
and H‾ (Fig. 4, composite ϕ = 0.525 at T = 900 °C), the corresponding
representative volume element (RVE) was larger than that of its me-
chanical components (pore, glass, zircon …), so that the experimental
values of H and M represented the average mechanical performance of
the relatively large RVE area, which therefore varied little from one
area to another in the sample (narrow CDF). In contrast, for composites
with high M‾ and H‾ (Fig. 4, composite ϕ = 0.525 at T = 1300 °C), RVE
was of the same order as or smaller than the size of the pores, glass
areas, zircon grains, or glass–zircon agglomerates, so that the experi-
mental H and M values varied highly from one indentation to another
(wide CDF). In addition, for composites with similar mechanical
properties (and hence similar RVEs), the larger the zircon content, ϕ,
the greater was generally the heterogeneity of the microstructure
[9,10], which also led to greater scatter in the indentation results.

Plotting H‾exp versus M‾exp confirmed that, for each zircon content, ϕ,
there was a direct relationship between both (Fig. 3c). Generally
speaking, at the same H‾exp, the value of M‾exp rose as zircon content, ϕ,
increased.

Composites of high hardness (11.3 ± 2.5 GPa) and low porosity
(ρ ≈ 0.93), with a zircon content of ϕ = 0.43, were obtained at tem-
peratures of about 1100 °C. These results are slightly better than those
reported [7] for zircon–glass ceramics composites, also obtained by
sintering. It was furthermore verified that the nanomechanical prop-
erties of some of these composites were much higher than those ob-
tained in zircon glazes [8]. On the other hand, the relationships ob-
tained in this study (eq. (6) and eq. (7)), which evidence the
pronounced influence of porosity and zircon content on the nano-
mechanical properties of the material, are very useful when it comes to
successfully designing ceramic glazes for heavily trafficked floorings.

4. Conclusions

Composites of high hardness (11.3 ± 2.5 GPa) and low porosity
(ρ ≈ 0.93) were obtained at temperatures of about 1100 °C from
mixtures with ϕ = 0.43.

It was verified that the standard deviation of the hardness and
modulus of indentation distributions increased with the arithmetic
mean of these properties. At similar values of M‾exp and H‾exp, scatter
increased as composite microstructural heterogeneity grew.

An empirical model was developed that describes the effect of the
most important microstructural characteristics (porosity, zircon grain
size, and zircon volume/solids volume) of the studied composites on
their hardness and modulus of indentation. These relationships are very
useful when it comes to designing ceramic coatings (glazes) for heavily
trafficked floorings.
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