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Abstract
The investigation of nano-mechanical properties of sphene sintered under ultra-high pressures in the order of
4 GPa is done using indentation techniques. An indentation hardness of 6.6 GPa and reduced elastic modulus
of 112.3 GPa is reported at maximum load of 7 mN. The material exhibits a high elastic recovery (∼59.1%)
and the nature of deformation mechanism has been comprehended from the plastic work ratio. In addition, the
fracture toughness of the material is also evaluated using indentation crack length method.
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I. Introduction

coefficients in contrast to HAP and CaSiO3 coatings
[3]. Research involving sphene/titania coatings started
a decade ago and in one of the recent findings it was
exemplified that the heat-treated sphene/titania coatings
exhibited enhanced mechanical and corrosion resistance
[4]. Recently, Pantic et al. [5] performed the synthesis
and characterization of sphene sintered under the high
pressure (4 GPa) and temperature (1200 °C). The sample sintered at 1200 °C and at pressures in the order of
4.0 GPa showed the highest density. The microstructural
characterization of the material revealed highly dense
structure with no porosity. The Rietveld refinement and
spectroscopic studies indicated structural phase transition from P21 /a to A2/a. The investigation, however, was
limited to structural characterization.
In this study, the mechanical stability of sphene sintered by means of high pressure synthesis (HPS) process
was investigated via indentation studies. The properties
such as hardness, elastic modulus, plastic work ratio as
well as the fracture toughness were determined. To the
best of our knowledge, these results have not been reported for HPS sphene elsewhere.

Sphene (CaTiSiO5 ), a complex orthosilicate mineral,
finds its use predominantly in radioactive waste immobilization [1]. The leaching studies performed on glass
ceramic based CaSiTiO5 in an underground vault environment at the depth of 500–1000 m illustrated the excellent durability of this material under these conditions
[2]. Apart from being considered as a host material for
radioactive nuclear waste, the material also finds use in
the field of biomedical engineering. Earlier studies done
to improve the osseointegration of Ti-6Al-4V with coatings such as hydroxyapatite (HAP) and calcium silicate
(CaSiO3 ) have met with limited success due to their reduced integration into the bone. The limitations of these
coatings include slow rate of osseointegration and poor
mechanical affixation. In recent years, coating of sphene
on Ti-6Al-4V seems to have shown immense potential with respect to chemical stability in addition to adhesion strength due to their similar thermal expansion
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Figure 1. Representative load-displacement curves (inset: SPM image of an indent; image size: 5×5 µm) (a) and reduced
elastic modulus with respect to load (b)

II. Experimental

was calculated using Anstis equation (3):

Samples sintered at temperature of 1200 °C and under
pressures of 4.0 ± 0.2 GPa using a Bridgman high pressure apparatus were considered for investigation. The
processing details on the high pressure synthesis (HPS)
of the material can be found elsewhere [5].
Nanoindentation was performed using a Berkovich
indenter and the loads were varied between 1 to 7 mN.
The loading, holding and unloading time was set to 10
seconds for all the experiments. The area function calibration (25 indents) was done on standard fused quartz
silica. The Oliver-Pharr method was used to calculate
the hardness (H) and reduced elastic modulus (E r ) from
an average value of 10 indents [6]. The scanning probe
microscope was used to capture the indent images. The
fracture toughness (KIC ) calculation was based on the
formulation of Anstis [7].

 E 0.5  P 
r
(3)
H
c1.5
where, P is the load applied in the Vickers hardness test
(3 kg) and c is the radius of the critical crack.
The variation of H and E r with respect to indentation
load is exemplified in Fig. 1b. The load had negligible
effect on the nanohardness (H) values whereas the elastic modulus (E r ) increased moderately with increase in
load. At a peak load of 7 mN, the material displayed H
and E of 6.6 and 112.3 GPa, respectively. It was interesting to observe that the deviation in hardness was minimal (well within the standard deviation) with increase in
load from 1 mN to 7 mN. The mechanical properties determined on sphene/titania composite coatings revealed
the H and E to be ∼5 and 100 GPa, respectively and
have been attributed to the increase in H and E due
to the formation of titania and sphene [4]. Recently, it
has also been reported that high pressure/temperature
compaction leads to porosity reduction by particle rearrangement [5]. The enhancement in hardness in the
present work could be attributed to the highly dense
compact obtained after HPS process.
The elastic recovery (amount of energy released by
the material after loading) and plasticity index (γ =
W pl /Wt , where W pl and Wt are the work done during
the plastic deformation and the total work done, respectively) are two important parameters which can be determined from the nanoindentation curves. The mechanical
properties of biomaterials can be characterized using the
above mentioned parameters which relate to the elastic
and plastic energies associated with the nanoindentation
[8]. The elastic recovery (R) is given by the equation (4)
[9]:
KIC = 0.016

III. Results and discussion
Figure 1a shows representative curves of displacement as a function of load as obtained from the nanoindentation experiments with a maximum penetration
depth of ∼200 nm at 7 mN. The H and E r were derived
from the following equations:
Pmax
(1)
A
where, Pmax is the maximum load applied and A is the
area function of the indenter.
The E r can be related to the sample elastic modulus
via:
H=

1
1 − υ2 1 − υ2i
+
=
Er
E
Ei

(2)

where, E and E i are the elastic moduli of the sample
and diamond Berkovich indenter respectively and υ and
υi are their respective Poisson’s ratio. E i , υ and υi are
taken as 1140 GPa, 0.07 and 0.25 respectively. The KIC

R=

hmax − h f
hmax

(4)

Upon the analysis of the unloading curve, the change
in R with indentation load was plotted in Fig. 2a and the
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Figure 2. Evolution of elastic recovery (a) and plastic work ratio (b) with indentation load

material showed a high R of ∼59.1%. The quantitative
analysis reported by Pantic et al. [10] clearly accounts
for 93.3% of sphene, 2.9% of perovskite and 3.8% of
coesite for the samples sintered at 1200 °C. The high
percentage of sphene as quantified by Reitveld refinement could be accounted for the high elastic recovery.
The total work (Wt = We + W pl) and the elastic work
(We ) done were calculated by accounting the area under the loading and unloading curve respectively. The
plastic work done can be eventually deduced from the
above equations. Greenwood and Williamson have proposed [11] a model in which it is indicated that if γ > 1,
the material is predominantly plastic whereas if γ < 0.6,
the material is said to deform elastically. The plastic
work ratio values obtained in this case (Fig. 2b) suggest
that plastic deformation has not been activated even at
the maximum load. However at lower loads, the plastic
work ratio decreased considerably (0.47–0.31) suggesting the deformation is purely elastic. The materials with
high plasticity index are believed to endure high friction
which ultimately leads to wear of the components in the
long run [12]. Hence the material under investigation
could be considered as a suitable replacement from a
mechanical perspective for bone implants since the implants are not subjected to noticeable plastic strains.
The HPS sample exhibited a relatively high KIC
value of 1.9 ± 0.2 MPa·m1/2 in contrast to their counterparts such as HAP (1 MPa·m1/2) and CaSiO3 (0.5 ±
0.2 MPa·m1/2 ) indicating a possible potential use in
biomedical applications [13,14]. Apart from this, the
materials with high H/E are said to possess high wear
resistance [15] and the HPS sphene with a H/E ratio of
around 0.059 is believed to be more wear resistant in
contrast to the single crystal HAP (H = 7 GPa and E r =
143.9 GPa) [16].

covery and lower elastic modulus which are characteristic features of materials considered for biomedical applications. The plastic ratio was found to be less than
0.5 suggesting that the material deformed elastically at
the maximum load. The fracture toughness value seems
promising and material could be an effective replacement for the existing bioactive implant materials.
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