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Abstract: Mechanical characterization of dielectric ceramics, which have drawn extensive attention in 
wireless communication, remains challenging. The micromechanical properties with the microstructures 
of dielectric ceramic BaO–Sm2O3–5TiO2 (BST) were assessed by nanoindentation, microhardness, 
and microscratch tests under different indenters, along with the X-ray diffraction (XRD), scanning 
electron microscopy (SEM), and Raman spectroscopy. Accurate determination of elastic modulus (EIT) 
(i.e., 260 GPa) and indentation hardness (HIT) (i.e., 16.2 GPa) of brittle BST ceramic by the 
instrumented indentation technique requires low loads with little indentation-induced damage. The 
elastic modulus and indentation hardness were analyzed by different methodologies such as 
energy-based approach, displacement-based approach, and elastic recovery of Knoop imprint. 
Consistent values (about 3.1 MPa·m1/2) of fracture toughness (KC) of BST ceramic were obtained by 
different methods such as the Vickers indenter-induced cracking method, energy-based nanoindentation 
approaches, and linear elastic fracture mechanics (LEFM)-based scratch approach with a spherical 
indenter, demonstrating successful applications of indentation and scratch methods in characterizing 
fracture properties of brittle solids. The deterioration of elastic modulus or indentation hardness with 
the increase in indentation load (F) is caused by indentation-induced damage and can be used to 
determine the fracture toughness of material by energy-based nanoindentation approaches, and the 
critical void volume fraction (f*) is 0.27 (or 0.18) if elastic modulus (or indentation hardness) of the 
brittle BST ceramic is used. The fracture work at the critical load corresponding to the initial decrease 
in elastic modulus or indentation hardness can also be used to assess the fracture toughness of brittle 
solids, opening new venues of the application of nanoindentation test as a means to characterize the 
fracture toughness of brittle ceramics. 
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1  Introduction 

The rapid development of wireless communication 
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with the broadband network has significantly increased 

the demand for microwave dielectric ceramics of excellent 

dielectric behaviors (e.g., suitable relative permittivity, 

high quality factor (Q×f), and low-temperature drift of 

resonance frequency [1–3]) together with high mechanical 

properties (e.g., elastic modulus (EIT), hardness, and  
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fracture toughness (KC) [4–7]), since excellent mechanical 
properties (e.g., high cracking resistance [8–11] and 
penetration resistance [12,13]) can ensure high structural 
stability, high reliability, and long-term service life of 
dielectric ceramics and have drawn extensive attention 
in the field of dielectric ceramics [4–6,14]. Values of 
Meyer hardness (HVM) and Knoop hardness (HK) of 
dielectric ceramic (Ba0.9Ca0.1)0.9(Na0.5Bi0.5)0.1TiO3 were 
found to be almost the same, and both of them 
increased with the increasing sintering temperature 
[15]. The dielectric ceramics Ba6−3xR8+2xTi18O54 (0 ≤ 
x ≤ 1, R denotes the rare-earth element such as Nd, 
Sm, La, and Pr) with tungsten bronze-type structure 
have been extensively applied to microwave devices 
due to their excellent microwave properties [16]. The 
micromechanical properties of dielectric ceramic 
BaO–Sm2O3–5TiO2 (BST), which has excellent 
microwave properties (i.e., high permittivity of 77 and 
high Q×f of 9300 GHz) and good temperature stability 
of capacitance [17,18], have not been well characterized. 
Guo et al. [19] reported that the Al/Nd co-doping 
method can significantly improve the dielectric properties 
of microwave dielectric ceramic Ba4Nd9.33Ti18O54. 
Adamczyk et al. [20] found that the addition of vanadium 
can significantly enhance the mechanical properties 
(i.e., elastic modulus and indentation hardness (HIT)) of 
dielectric ceramic BaBi2(Nb0.99V0.01)2O9. Guiu et al. 
[21] reported that indentation-induced cracking of 
poled and unpoled piezoelectric materials by Vickers 
indenter strongly dependeds on the orientation of the 
poling direction. Fracture toughness of brittle dielectric 
materials has been widely characterized by the Vickers 
indenter-induced cracking method rather than conventional 
methods (e.g., three-point bending and pre-cracked 
single-edge V-notched beam methods [22,23]). 
Nevertheless, the Vickers indenter-induced cracking 
method has various expressions for radial cracking or 
median cracking [24], whose applicability and reliability 
remain examination. 

Instrumental indentation (i.e., nanoindentation) that 
does not entail a complicated process of sample 
preparation has been widely used to characterize the 
micromechanical properties [25] (e.g., elastic modulus 
[26], bonding properties [27], tensile properties [28], 
creep behavior [29], low-cycle fatigue [30,31], residual 
stress [32], and fracture toughness [33,34]) of various 
materials (e.g., metals [35], glasses [36], metallic 
glasses [37], ceramics [7,38], polymers [39–41], 
piezoelectric materials [42–45], thin films [46–49], and 

composites [50]). The microscratch test is also an 
effective technique to investigate the scratch resistance 
of material [51], the structural integrity of multilayer 
coatings [52], tribological behavior [53,54], contact- 
induced damage/cracking [55], scratch-induced buckling 
failure of silicon nitride ceramic films [56], and the 
scratch behavior of Ce-doped yttrium aluminum garnet 
(YAG, Y3Al5O12) coatings [57]. 

In the current work, the micromechanical properties 
of BST ceramic, whose microstructures were characterized 
by the X-ray diffraction (XRD), scanning electron 
microscopy (SEM) equipped with backscattered electron 
(BSE) imaging, and Raman spectroscopy, were estimated 
by various methods with the focus on comparison of 
different methodologies and their applicability to brittle 
ceramics: Elastic modulus and indentation hardness were 
estimated via the nanoindentation technique by the 
standardized Oliver and Pharr (OP) method that 
requires the area function of the indenter [56] and other 
methods that do not require calibration of the indenter 
such as c2 method [57], Cheng theory [58–60], Gong 
theory [61,62], energy-based approach [59], and 
displacement-based approach [63]; elastic modulus 
was also calculated based on the elastic recovery of the 
imprint by Knoop indenter [64]; fracture toughness 
was evaluated by the Vickers indenter-induced 
cracking method that requires a large amount of 
measurements of crack length under many repeated 
tests; energy-based nanoindentation approaches [64,65] 
with Berkovich indenter can be used to characterize 
fracture toughness in the absence of surface cracking 
(or surface cracking is too slight to be accurately 
measured) based on the data under various indentation 
loads (F); and linear elastic fracture mechanics (LEFM)- 
based [66] or microscopic energetic size effect law 
(MESEL)-based [67–71] scratch approaches can also 
be used to assess fracture toughness, and one scratch 
test would suffice, since various loads can be 
progressively applied to a single scratch test. Consistent 
values of fracture toughness of BST ceramic can be 
obtained by different methods: The critical void 
volume fraction (f*) used in energy-based nanoindentation 
approaches is found to depend on whether the 
deterioration elastic modulus or indentation hardness is 
used; the critical load at the initial decrease in elastic 
modulus or indentation hardness can be used to 
determine the fracture work for assessing fracture 
toughness of brittle solids; and LEFM-based scratch 
approach with a spherical indenter provides the most 
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convenient means to characterize fracture toughness of 
brittle ceramics. To the best of our knowledge, this 
work is the first to systematically compare various 
indentation-based or scratch-based methodologies of 
assessment of micromechanical properties (i.e., elastic 
modulus, hardness, and fracture toughness) of brittle 
ceramics and aims to provide the paradigm of 
micromechanical characterization of brittle solids by 
instrumented indentation and scratch technologies. 

2  Experimental procedures and analysis 
approaches 

2. 1  Experimental procedures of material preparation 
and characterization 

The BST ceramic was synthesized by the solid-state 
reaction method with fine powders (regent grade, 
purity > 99.9 wt%; Sinopharm Chemical Reagent Co., 
Ltd., Shanghai, China) of BaCO3, TiO2, and Sm2O3 
(nominal ratio of 20.9 : 42.2 : 36.9) [22]. The powder 
mixtures, which were wet ball-milled for 12 h in a 
nylon jar using deionized water and zirconia balls, 
were passed through an 80-mesh sieve after drying at 
130 ℃ and calcined in an ambient atmosphere for 4 h 
at 1170 ℃ with a heating rate of 10 K/min in the 
muffle furnace, followed by natural air-cooling inside 
the furnace [18]. Then, the samples were formed by 
uniaxially pressing the powder mixtures into a 
cylindrical mold under the pressure of 180 MPa. BST 
specimens were prepared by sintering at 1350 ℃ for 
4 h in the furnace at the heating rate of 3 K/min, 
followed by natural air-cooling inside the furnace. The 
surface of cylindrical BST ceramic sample (diameter 
of 12 mm and height of 6 mm) was ground and 
polished using SiC waterproof abrasive papers 
(different grits from 600# to 3000#) and commercially 
available diamond polishing paste (2.5# μ-grit), 
respectively. Then, the smooth surface of BST ceramic 
sample can be obtained after polishing by ion beams 
on an ion beam slope cutter (EM TIC 3X, Leica, 
Wetzlar, Germany), and the optical observations are 
shown in Fig. 1(b) and the inset of Fig. 2(a). 

The bulk density of BST was measured to be 
5.5385 g/cm3 by the gas displacement method on a 
pycnometer (AccuPyc II 1340, Micrometrics, Cumming, 
USA). The microstructure of BST ceramic was 
characterized by the XRD on an X-ray diffractometer 

(Empyrean-DY1602, Manufacturer) with Cu Kα 
radiation (wavelength of 0.1542 nm, 2θ of 5°–90°, and 
scan step of 0.0131 (°)/s). The thermally etched 
microstructure (heating at 10 K/min up to 1240 ℃, 
dwelling for 1 h, followed by natural air-cooling inside 
the furnace) was observed with the SEM using a 
microscope (Quanta 250 FEG, FEI, Hillsboro, USA) 
and also characterized by the Raman spectroscopy on a 
Raman microscope (inVia Reflex, Renishaw, London, 
UK) with helium–neon ion laser excitation (electric 
power of 17 mW and wavelength of 532 nm). 

The nanoindentation tests were carried out by a 
nanoindentation tester (NHT2, Anton Paar, Graz, 
Austria) with diamond Berkovich indenter (loading/ 
unloading time of 5 s and dwelling time of 2 s for grid 
nanoindentation at indentation load of 3 mN; loading/ 
unloading time of 30 s and dwelling time of 10 s for 
nanoindentation under various loads) to investigate the 
micromechanical properties of BST ceramic. Time- 
dependent mechanical properties of the material 
required the application of a constant strain rate during 
the nanoindentation test [72,73], which was not used in 
the current study, since mechanical properties of brittle 
ceramics can be assumed to be time-independent, and a 
constant loading rate was used without considering the 
effect of strain rate. Moreover, a constant strain rate 
condition was more difficult to maintain than a 
constant loading rate condition, and the measurement 
by a constant loading rate was more accurate than that 
by a constant strain rate [39]. Berkovich indenter was 
the most commonly used and easily constructed, since 
the three edges of the triangular indenter can meet at a 
single point, while the four edges of the pyramid 
indenter (e.g., Vickers indenter and cube corner 
indenter) were very difficult to meet at a single point, 
resulting in the inevitable line for the four-sided 
pyramid indenters [72]. Elastic modulus of the 
machined cylindrical BST ceramic sample (4.23 mm in 
diameter and 5.28 mm in height, 0.41 g) was also 
measured by a resonant ultrasound spectroscope 
(Quasar, Albuquerque, USA). 

The scratch response of BST ceramic was investigated 
using a microscratch tester (MST2, Anton Paar, Graz, 
Austria) by either Berkovich (the sharp edge was along 
the scratch direction: edge-forward orientation) or 
spherical indenter with radius of 500 μm in the 
atmospheric environment [74–76] under progressively 
increasing normal load (Fn) (initial load of 5 mN) and 
scratching speed of 3 mm/min. Cracking was detected 
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by acoustic emission (AE) signals acquired by the 
passive Vallen piezoelectric AE sensor (Vallen, 
Munich, Germany) with a central frequency of 150 
kHz, dynamic range of 65 dBAE, and maximum 
amplification of 179,200, which can capture acoustic 
spikes (i.e., micro-movements of the sample due to 
waves generated by sudden events such as cracking) 
and convert their numbers to volts that are sent to the 
software. The AE sensitivity factor (C) (i.e., the 
number between 1 and 9), which multiplies the signal 
in volts received from the AE sensor, was set to 7, 
since a small sensitivity cannot monitor the initiation 
of small cracking, while a large sensitivity can 
introduce signal noise. For C = 1, the signal went 
without modification directly to the software. For a 
higher C, the value of AE signal (Va) is C × Vi, where 
Vi is the input signal, and the AE value (= Va/Vmax × 
100%) corresponds to Va divided by the maximum 
range (Vmax) of 5 V. Since sample tile can affect scratch 
response [75,77], surface tilt angle was measured to be 
0.15° by the pre-scan of the initial surface profile, 
resulting in negligible effect of sample tilt. 

2. 2  OP method for analyzing instrumented 
indentation 

The contact stiffness (S) is calculated at the beginning 
of the unloading segment (or the maximum displacement 
(hmax)) of indentation load–displacement (F–h) curve, 
whose unloading part can be described by a power-law 
function [58]: 
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where h is the indentation displacement; Fmax is the 
maximum indentation load; and hp, which is the 
permanent indentation displacement, and m, which is 
the fitting index in the range of 1.2–1.7 for most 
materials [39,64], are determined by fitting the 
unloading curve from 40% to 98% of Fmax.  

The reduced plane strain modulus (Er) (i.e., the 
combined moduli of the sample and the indenter) and 
HIT can be calculated from S:  
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where   (= 0.2) [7] is the Poisson’s ratio of BST 

ceramic; Ei (= 1141 GPa) and i (= 0.07) are elastic 
modulus and Poisson’s ratio of the diamond indenter, 
respectively; β (= 1.034) is the correction factor for 
Berkovich indenter lacking axial symmetry [58]; the 
projected contact area (Ap) can be determined at hmax, 
and the contact area function (Ap(hc)) is a function of 
contact depth (hc); and ε is dependent on m [49,78]. 
The Ap(hc) of the indenter was obtained by performing 
nanoindentation tests on a standard material (i.e., fused 
silica) of known elastic modulus and Poisson’s ratio 
under various loads (≤ 100 mN for fused silica in 
order to avoid cracking) with B-spline interpolation 
[58]. The Ap(hc) played a significate role in the OP 
method, whereas the rigorous methodology for precise 
determination of Ap(hc) still required evaluation and 
discussion, since Ap(hc), which was dependent not only 
on indenter geometry but also on material properties 
[78], was sensitive to many factors (e.g., pile-up, 
sink-in [79], pop-in [80], residual stress [80], surface 
effect [81], friction [82], and zero-point of initial 
contact [83]), and the significant uncertainty can be 
introduced when an area function pre-calibrated on a 
reference material was applied to calculate the Ap for 
other material of distinguished properties from the 
reference material [84]. 

3  Results and discussion 

3. 1  Microstructure characterization 

Figure 1(a) shows the XRD patterns of BST ceramic 
that has Ba3.99Sm9.34Ti18O54 phase of the orthorhombic 
tungsten bronze structure [18,85]. The lattice parameters 
(a0, b0, and c0), theoretical density, and cell volume 
obtained by the Rietveld-based quantitative analysis 
are listed in Table 1: Three lattice parameters are 
different (a0 ≠ b0 ≠ c0), and the angles between a0, 
b0, and c0 are all 90° (α = β = γ = 90°). The theoretical 
density of Ba3.99Sm9.34Ti18O54 (i.e., 5.8948 g/cm3) is 
larger than the density measured by the gas 
displacement method (i.e., 5.5385 g/cm3), resulting in 
the relative density of 5.5385/5.8948 = 94% owing to 
the porosity caused by the residual air when the sample 
was formed during preparation [86]. Figure 1(b) shows 
the optical microscopy image of BST polished by ion 
beams on an ion beam slope cutter (EM TIC 3X, Leica, 
Wetzlar, Germany) before thermal etching: The white 
and brown regions embedded in the grey substrate with 
randomly distributed pores can be observed on the  
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Fig. 1  Microstructure characterization of BST ceramic: (a) XRD patterns; (b) optical microscopy image before thermal etching 
with a Leica DVM6 digital microscope; (c) BSE image after thermal etching with the energy dispersive spectroscopy (EDS) spot 
analysis; and (d) laser micro-Raman spectroscopy spectrum of BST ceramic. 

 
 

Table 1  a0, b0, and c0 with theoretical density and cell 
volume of BST ceramic 

Phase 
Refined lattice (Å) Theoretical 

density 
(g/cm3) 

Cell 
volume 

(Å3) a0 b0 c0 

Ba3.99Sm9.34Ti18O54 22.2972 7.6534 12.1472 5.8948 2072.9123

Note: α, β, and γ, which are angles between a0, b0, and c0, are all 90°. 
 

smooth surface after the final polishing by ion beams. 
The three different regions (i.e., white and brown 
regions with grey substrate) are caused by the different 
extents of crystallinity during sintering [87]. Although 
differently colored regions have different extents of 
crystallinity, they possess the same phase, and cannot 
be differentiated by the normal XRD analysis. 

Figure 1(c) shows the dense and homogenous 
microstructure of thermally etched BST ceramic by 
BSE imaging. The grain sizes were measured by Image 
Pro Plus 6.0 software (the arithmetic average of 10 
grains was reported): The mean size of the cuboid-like 
grains is 2.7 μm, which is about half of that of the 
ellipse-like grains (i.e., 5 μm). The elements measured 
by the EDS spot analysis are in agreement with the 
chemical compositions of BST ceramic, while the EDS  

spot analysis can only provide evidence of elements, 
since the atomic ratios of elements (i.e., Ba, Sm, Ti, 
and O) cannot be accurately determined. Figure 1(d) 
shows that laser micro-Raman spectrum of BST ceramic 
consists of 15 well-resolved peaks centered at 114, 
142, 191, 237, 281, 308, 338, 408, 440, 510, 534, 596, 
and 753 cm−1. The peaks at 237 and 281 cm−1 are 
related to the tilt of oxygen octahedral; the peak near 
308 cm−1 is associated with the tilt of the octahedral 
caused by the large empty cation sites; the peaks 
around 440 and 753 cm−1 are caused by lattice defects; 
the peaks centered at 596 cm−1 is associated with the 
symmetric stretching of the basal oxygen of the 
octahedral [88]. 

3. 2  Grid nanoindentation 

Figure 2(a) shows the indentation load–displacement 
curves for three different regions (i.e., grey substrate 
and brown and white regions) at Fmax = 3 and 10 mN: 
The loading curves of the same colored region under 
two different Fmax follow the same trace and show 
excellent reproducibility, since the nanoindentation 
tests were carried out on the central areas of three  
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Fig. 2  Indentation load–displacement curves of three differently colored regions (i.e., grey substrate and brown and white 
regions) of dielectric BST ceramic: (a) at Fmax =3 and 10 mN (the inset shows the grey, white, and brown regions that are clearly 
distinguished by the optical microscopy); (b) comparison between isolated nanoindentation and grid nanoindentation at Fmax = 3 mN. 

 

differently colored regions, which were not randomly 
selected, and the regions of the same color are 
expected to possess the same mechanical properties. 
Moreover, the locally tested regions were carefully 
chosen to avoid defects, and the indented areas were 
small without influence of surrounding material of 
different mechanical properties. The effect of surface 
roughness can be ignored, and the nanoindentation 
tests performed on the central areas of three differently 
colored regions, thanks to the accurate positioning 
of the state-of-the-art instrument, indicate the 
inhomogeneity of BST ceramic due to the non-uniform 
crystallinity. The maximum indentation displacements 
at Fmax = 3 and 10 mN are smaller than 120 and 200 
nm, respectively, resulting in sufficiently smaller 
indent lengths than the characteristic lengths of 
individual phases (or regions). The nanoindentation 
results of the three different regions (Fig. 2(a)) under 
Fmax = 3 and 10 mN are compared in Table 2. The 
values of EIT and HIT of three different regions are 
approximately independent of load, indicating that the 
indents are sufficiently smaller than those of the 
individual phases under Fmax = 3 mN. Therefore, the 
effect of the surrounding phases on the indentation 
response of the individual phase can be negligible. The 
grey substrate and brown region exhibit the smallest  

 
Table 2  Nanoindentation results of three regions of 
BST ceramic at Fmax = 3 mN 

Region EIT (GPa) hmax (nm) We (nJ) HIT (GPa) hc (nm) Wt (nJ)

Grey 261 (264) 84 49 19.2 (17.4) 60 96

White 267 (270) 88 50 14.8 (14.1) 70 102

Brown 188 (190) 96 62 14.3 (13.3) 71 106

Note: The values of EIT and HIT in parentheses were obtained at Fmax = 
10 mN. The bold values highlight the similarity between two different 
regions. 

and largest hmax, respectively, indicating their greatest 
and weakest penetration resistance (or hardness), 
respectively. The grey substrate and the white region 
exhibit more or less the same EIT, hmax, and elastic 
recovery work (We). The white and brown regions 
exhibit almost the same HIT, hc, and total deformation 
work (Wt). 

Figure 2(b) shows the comparison of load–displacement 
curves at Fmax = 3 mN between isolated nanoindentation 
on the preselected regions within the individual phases 
and grid nanoindentation (15 × 15 array) on randomly 
selected regions (inter-indent spacing = 10 μm). The 
scattering of nanoindentation data (Fig. 2(b)) is due to 
the influence of the surrounding material with different 
mechanical properties, since grid nanoindentation was 
carried out on randomly selected regions. The differently 
colored regions (the inset of Fig. 2(a)) are very small, 
and a small load (i.e., 3 mN) is required by grid 
nanoindentation. The majority of grid nanoindentation 
curves is located around the grey substrate and white 
region, indicating that the sum of grey substrate and 
white regions occupies the predominantly large 
fraction of volume with the brown regions only 
occupying a small fraction of volume. Although the 
isolated nanoindentation on the central area of an 
individual phase can be used to measure the 
mechanical properties of an individual phase of 
heterogeneous material under shallow indentation 
depth without influence of surrounding phases, grid 
nanoindentation is indispensable under the conditions 
that individual phases are invisible by the optical 
microscopy, etching can modify surface properties and 
increase surface roughness [89], and the effect of 
surrounding phases cannot be neglected. Moreover, 
both micromechanical properties (e.g., elastic modulus,  



1142  J Adv Ceram 2023, 12(6): 1136–1165 

 

indentation hardness, creep [90], and fracture toughness 
[91]) and surface fractions of different phases of 
multi-phase materials [92] (e.g., α–β brass, cast iron, 
and Ti64–10TiC [89], electrode LiNi0.5Mn0.3Co0.2O2 
[93], and shales [94–96]) can be obtained by statistically 
analyzing the nanoindentation results of grid tests on 
randomly selected regions. The surface fraction of an 
individual phase can be obtained under the assumption 
of Gaussian distribution of indentation parameters, and 
the surface fraction is equivalent to volume fraction by 
assuming random distribution of different phases in a 
three-dimensional spatial space [94]. Heterogeneous 
microstructures are widely observed in various 
materials (e.g., carbon steels, brasses, concretes, and 
rocks), and micromechanical properties of individual 
phases with their volume fractions determine the 
macroscopic performance of material and can be used 
as hints for material assessment and development, e.g., 
calcium-silicate-hydrate of two different phases (i.e., 
low and high densities) can be investigated by grid 
nanoindentation, and thus the effects of micromechanical 
properties and volume fractions of two phases on the 
macroscopic elasticity of the bulk material can be 
quantified [97,98]. Nevertheless, some challenges 
remain, and the initial fitting estimates, size of array, 
inter-indent spacing, and the effect of interface 
between particle and substrate (or particle) should be 
appropriately set [99]. The results (Table 2) obtained 
by isolated nanoindentation of individual phases are 
used as the initial non-linear fitting estimates. The 
normalized Gaussian probability density function (f) 
can be expressed as 
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where the subscript i is the serial number of the 
individual phase; n is the total number of phases that 
are represented by Gaussian peaks, Ni is the test 
number of phase i; x is the specific indentation parameter; 
μ and σ are the average value and standard deviation 
(SD) of x, respectively; and ci is the mixing parameter 
(i.e., the weight of Gaussian peak) corresponding to the 
volume fraction of an individual phase. The normalized 
probability density function and ci satisfy 

 

2

1

( ; , , )d 1,   1,  {0, 1}
n

i i i i i i
i

f x c x c c 





     (4) 

Figure 3 shows the normalized probability density 
plots of various indentation parameters obtained under 
Fmax = 3 mN. Since the difference in mechanical 
properties among the three regions of BST ceramic is 
small (Table 2), the effect of phase boundary on the 
grid nanoindentation tests can be ignored [99]. 
Bimodal Gaussian distribution was adopted to fit the 
normalized probability density plots of EIT, hmax, and 
We (Figs. 3(a)–3(c)), since the grey substrate and white 
region have close EIT, hmax, and We and can be grouped 
to be one phase. Bimodal Gaussian distribution was 
used when analyzing HIT, hc, and Wt (Figs. 3(d)–3(f)), 
since the white and brown regions have close HIT, hc, 
and Wt and can be grouped to be one phase. The μ of 
predominant peaks (Fig. 3) are almost the same as 
those of grey substrate (Table 2), since the grey 
substrate occupies the largest volume fraction observed 
by the optical microscopy; while the μ of minority 
peaks are close to those of the brown region. The 
results of grid nanoindentation show that EIT = 260 
GPa, hmax = 84 nm, and We = 56 nJ for both the grey 
substrate and white region and EIT = 190 GPa, hmax = 
91 nm, and We = 50 nJ for the brown region, which are 
in good agreement with the results obtained on 
individual phases, as shown in Table 2. 

The volume fractions of the three differently colored 
regions (i.e., grey substrate, white and brown regions) 
(Table 3) cannot be directly obtained by analyzing the 
normalized probability density plots of various 
indentation parameters with bimodal Gaussian fitting, 
resulting in the volume fraction of one colored region 
and the sum of volume fractions of the other two 
differently colored regions, as shown in Fig. 3. 
Consistent and reasonable indentation parameters and 
volume fractions of the three differently colored 
regions of the hard and brittle BST ceramic can be 
obtained by grid nanoindentation with bimodal 
Gaussian fitting and appropriately initial fitting 
estimates without considering the theoretical interface 
reported for a soft material [100]: Volume fraction (i.e., 
8%) of brown region is obtained by statistical analysis 
of EIT, hmax, and We with consistent results; volume 
fraction (i.e., about 84%) of grey substrate is obtained 
by statistical analysis of HIT, hc, and Wt with consistent 
results; the sum of volume fraction (i.e., about 16%) of 
white and brown regions is obtained by statistical 
analysis of HIT, hc, and Wt with consistent results, and 
thus volume fraction of white region can be calculated 
to be 8%, which is the same as that of brown region. 
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Fig. 3  Bimodal Gaussian distribution fittings (the nanoindentation results under Fmax = 3 mN (Table 2) were used as the initial 
guess values of μ for the nonlinear curve fitting) of normalized probability density plots of indentation parameters of BST 
ceramic: (a) EIT, (b) hmax, (c) We, (d) HIT, (e) hc, and (f) Wt. 

 
 

Table 3  Volume fractions (%) of different regions of 
BST ceramic obtained by bimodal Gaussian fitting of 
nanoindentation parameters 

Region EIT hmax We HIT hc Wt 

Grey substrate 
92 92 92 

84 85 83 

White region 
16 15 17 

Brown region 8 8 8 

 

3. 3  Nanoindentation responses under various 
indentation loads 

Figures 4(a) and 4(b) show the indentation load– 
displacement curves of BST ceramic under large and 
small loads, respectively: All loading portions follow 
the same trace; the unloading curves are nonlinear, and 
power-law fitting should be used; plastic deformation 
can be seen even under load as small as 1 mN; and 
creep is negligible for BST ceramic of little time- 
dependent deformation capability (i.e., creep [39] and 
inelasticity [101]). The surface cracks observed at the 
largest indentation load of 500 mN are too small to be 
measured (the inset of Fig. 4(a)), and the slight 
cracking indicates indentation-induced damage, 
resulting in deterioration of measured elastic modulus 
and hardness, based on which fracture toughness can 
be calculated by energy-based approaches without 
requiring measurement of crack length in Section 3.6.1. 

Pop-ins, which are normally associated with severe 
surface damage, cannot be detected on load– 
displacement curves under the slight Berkovich 
indenter-induced surface cracking, based on which 
fracture toughness cannot be calculated, since the 
crack lengths are too small to be accurately measured. 
The We can be calculated as the area under the 
unloading curve; the Wt can be obtained by integrating 
the loading and holding segments of load–displacement 
curve [39,58]; the plastic deformation work (Wp = Wt − 
We) can be calculated as the net area enclosed by the 
loading and unloading curves [64,101]. Figures 4(c)  

and 4(d) show the variations of 0.5
p maxh F  and 

1.5
p maxW F  with the maximum load Fmax, respectively: 

Both 0.5
p maxh F  and 1.5

p maxW F  increase with Fmax  

under small loads (Fmax < 25 mN), which is ascribed to 
the elastic–plastic deformation of BST ceramic; the 
increasing rate becomes progressively smaller when 
the indentation load increases beyond a critical load 
Fmax = 25 mN, which is the critical load for the 
initiation of fracture in Fig. 14(f); and constant values  

of 0.5
p maxh F  and 1.5

p maxW F  can be approximated  

under large loads, implying that steady-state damage 
accumulation is associated with constant levels of  

0.5
p maxh F  and 1.5

p maxW F . 



1144  J Adv Ceram 2023, 12(6): 1136–1165 

 

 
 

Fig. 4  Indentation load–displacement curves of BST under (a) large loads (the inset shows the cracks emanating from the 

corners of indentation imprint at Fmax = 500 mN) and (b) small loads; variations of (c) 0.5
p maxh F  and (d) 1.5

p maxW F  with Fmax. 

 

Figure 5(a) shows that the m can be assumed to be a 
constant of 1.36, which lies in the normal range from 
1.2 to 1.7 [39,64], and is almost the same as that of 
soda-lime glass (i.e., 1.37) [102]; the hp is proportional 
to the hmax. The constant value of m is independent of 
load, and the proportional relationship between hp and 
hmax has been widely reported in Refs. [37,58,64,103]. 
hp/hmax is about 0.62 for BST ceramic and smaller than 
0.7, indicating that there exists no pile-up [104], which 
is rational for brittle ceramics. With Eq. (1), S can be 
expressed as 
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where hp/hmax, m, and κ can all be approximated to be  
 

constant and independent of load, resulting in the 
proportional relationship between S and Fmax/hmax. 
Therefore, S can be obtained from the loading without 
requiring unloading segment of the load–displacement 
curve. With m = 1.36 and hp/hmax = 0.62, as shown in 
Fig. 5(a), κ can be calculated to be 3.6 by Eq. (5). 

Gong et al. [59,63] have recently proposed a normalized 
equation for fitting the unloading segment, and S can 
be obtained from Fmax and hmax. 
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Fig. 5  Variations of fitting parameters with hmax: (a) hp and m of Eq. (1) and (b) α0, α1, and α2 of Eq. (6). 
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where α0, α1, and α2 are the fitting parameters. If the 
parameters α1 and α2 are constant and independent of 
Fmax, the S can thus be determined continuously by 
using the loading segment rather than the unloading 
segment, resulting in the continuous measurement of S 
and hc during loading, which is a revolutionary for the 
instrumented indentation technique, since both the 
elastic modulus and indentation hardness can be 
continuously obtained during loading without the need 
of unloading. The unloading segment of load– 
displacement data can be analyzed by Eq. (6), whose 
fitting parameters α0, α1, and α2 are shown in Fig. 5(b). 
The sum of α0, α1, and α2, which should equal to 1, is 
also included. All three fitting parameters can be 
approximated to be constant (i.e., α0 = 0.1, α1 = −1.6, 
and α2 = 2.6) and independent of load. Reference [63] 
showed that α0 = −0.8, α1 = −0.2, and α2 = 2 for 
soda-lime glass. The sum of α1 and 2α2 can be 
regarded to be a constant of 3.6 that is the same as κ by 
Eq. (5), indicating that S can be obtained from the loading 
segment of the load–displacement curve by Eq. (6). 
Figure 6(a) shows that the S calculated by Eq. (1) is 
proportional to that calculated by Gong theory Eq. (6) 
with the proportional coefficient of 0.94 being close to 1. 

S relates to hc by Eq. (7) [59]: 

 
2 2

0 1 c 2 cS c c h c h           (7) 

where c0, c1, and c2 are the fitting parameters. With a 
constant value of α1 + 2α2 = 3.6, as shown in Fig. 5(b), 
S can be obtained by Gong theory Eq. (6).  

Comparing Eqs. (2) and (7), it is found that 
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where 2
c24.5h  is the projected contact area of an ideal  

Berkovich indenter, and it can be deduced that [59]: 
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Figures 6(b) and 6(c) show the curve fittings of the 
variation of S2 obtained by OP method Eq. (1) and 
Gong theory Eq. (6), with hc by Eq. (7) under small (hc 
< 300 nm) and large (hc > 300 nm) hc, respectively. 
Under small hc, S2 nonlinearly increases with hc; and 
the constant term in Eq. (7) can be assumed to be zero 
(i.e., c0 = 0). Under large hc, S2 increases with hc 

 

 
 

Fig. 6  Analysis of S: (a) comparison of S between Gong theory Eq. (6) and OP method Eq. (1); (b) variation of S2 under small 
hc; (c) variation of S2 under large hc; and (d) comparison of Ap between Gong theory Eq. (9) and OP method with B-spline 
interpolation. 
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in an approximately linear way; the quadratic term in 
Eq. (7) can be neglected (i.e., c2 = 0). With c1 = 
5.1×10−5 mN2/nm3 and c2 = 1.6×10−6 mN2/nm4 (c0 = 0) 
obtained by Eq. (7) (Fig. 6(b)), the Ap under shallow 
indentation can be calculated by Gong theory Eq. (9). 
Figure 6(d) shows that the Ap calculated by OP method 
with B-spline interpolation is proportional to the Ap 
calculated by Gong theory Eq. (9) with the proportional 
coefficient of 0.96 being close to 1. 

By substituting Eq. (9) into Eq. (2) with c0 = 0, HIT 
can be derived based on c2 method for the first time: 

 max
IT 2

c 1 2 c24.5( )

F
H

h c c h



     (10) 

where c1 = 5.1×10−5 mN2/nm3, and c2 = 1.6×10−6 mN2/nm4 
by Gong theory for indentation of BST ceramic 
(Fig. 6(b)). 

Cheng et al. [60–62] proposed a proportional 
relationship between the ratio of HIT over Er and the 
ratio of We over the Wt for conical indenters. 
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where the proportionality factor (χ) is dependent on 
indenter geometry; and γ is a constant under large 
hp/hmax (or Wp/Wt) [60]. 

 p p e
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Since hp/hmax = 0.62 > 0.4 (Fig. 5(a)), and Wp/Wt = 1 − 
We/Wt = 0.54 > 0.2 (Fig. 7(a)), with γ = 0.27 and λ = 
4.52 for equivalent cone angle (θ) = 70.3° of Berkovich 
indenter, χ can be calculated to be 0.174, and lies 
within the reasonable range (i.e., 0.17–0.22) [64]. 

Equation (2) gives 
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Er and HIT can be solved from Eqs. (11) and (13): 
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where the ratio of Fmax over S2 can be regarded to be 
constant, and it is found Fmax/S

2 = 362 nm2/mN by 
curve fitting, as shown in Fig. 7(b). 

With the proportional relationship between S and the 
ratio of Fmax over hmax proposed by Gong theory 
Eq. (6), Eq. (14) can be transformed to 
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Fig. 7  Analysis of Er and HIT obtained by different methodologies: (a) proportional relationship between We and Wt; 
(b) quadratic dependence of Fmax on hmax and S; and (c) Er and (d) HIT obtained by different methods. 
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where α1 + 2α2 = 3.6 (Fig. 5(b)), Fmax can be regarded 
to be proportional to the square of hmax [105], and it is 
found that Fmax/

2
maxh  = 2.0×10−4 mN/nm2 (Fig. 7(b)). 

An alternative energy-based approach of calculating 
HIT and Er was proposed without the need of 
Ap(hc) [64]. 
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where θ = 70.3°, β = 1.034, and ε = 0.75 for Berkovich 
indenter. 

With constant values of m = 1.36 and hp/hmax = 0.62, 
a permanent displacement-based approach was 
developed as [64]: 
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Figure 7(c) compares the values of Er by various 
equations: Er = 162 GPa by Cheng theory (Eq. (14)), 
Er = 152 GPa by Gong theory (Eq. (15)), Er = 159 GPa 
by energy-based approach (Eq. (16)), Er = 169 GPa by 
displacement-based approach (Eq. (17)), and Er = 219 GPa 
by c2 method (Eq. (9)) with c2 = 1.6×10−6 mN2/nm4 
obtained under small hc (< 300 nm) or Fmax (< 40 mN) 
(Fig. 6(b)). Er obtained by OP method (Eq. (2)) lies 
within the range from 120 to 230 GPa and decreases 
with Fmax due to the accumulation of indentation- 
induced damage in the brittle ceramics. Er obtained by 
OP method (Eq. (2)) varies with Fmax, while the values 
of Er obtained by other methods, which do not require 
area function of the indenter, are based on the scaling 
relationships among indention parameters (i.e., hp/hmax, 
We/Wt, Fmax/

2
maxh , and Fmax/S

2), which are obtained 
based on all the nanoindentation data under various 
loads, resulting in a single value of Er for each method. 
Er = 169 GPa by displacement-based approach 
(Eq. (17)) is a little larger than Er = 162 GPa by Cheng 
theory (Eq. (14)). Er by Cheng theory is close to Er = 
159 GPa by energy-based approach (Eq. (16)). Er by 
energy-based approach is a little larger than Er = 152 
GPa by Gong theory (Eq. (15)). The plane strain 
modulus (E* = E/(1 − ν2)) was measured to be 232 GPa 
by resonant ultrasound spectroscopy, and E* measured  

on local region of little defect by nanoindentation is 
expected to be larger than that measured by resonant 
ultrasound spectroscopy, since the defect of bulk 
ceramics used in resonant ultrasound spectroscopy can 
deteriorate the elastic modulus of the brittle BST 
ceramic. It is found that only E* (i.e., 271 GPa) 
obtained by c2 method (Eq. (9)) under small loads is 
larger than that measured by resonant ultrasound 
spectroscopy, and the values of E* measured by other 
methods (e.g., displacement-based approach, energy- 
based approach, Cheng theory, and Gong theory) are 
far less than that by c2 method (Eq. (9)). Moreover, a 
constant level of Er (i.e., 216 GPa) by OP method, as 
shown in Fig. 14(f), can be approximated under small 
loads with little indentation-induced damage and is 
consistent with that by c2 method (Eq. (9)). It is worth 
noting that c2 = 1.6×10−6 mN2/nm4 used in c2 method is 
obtained under small loads, under which condition 
effect of indentation-induced damage can be neglected, 
while other methods (e.g., displacement-based approach, 
energy-based approach, Cheng theory, and Gong theory) 
are based on all the nanoindentation data under loads 
ranging from 0.1 to 500 mN, and the results can be 
affected by the nanoindentation data under large loads, 
which should not be used due to the significant effect 
of indention-induced damage on mechanical performance 
of brittle ceramics. Therefore, c2 method (Eq. (9)) is 
believed to be the most suitable to characterize the 
elastic modulus of brittle ceramics, and the measurement 
of both elastic modulus and indentation hardness by 
nanoindentation should be performed under small 
loads in order to avoid indentation-induced damage. 

Figure 7(d) compares the values of HIT obtained by 
various methods: HIT = 13.0 GPa by Cheng theory 
(Eq. (14)), HIT = 12.2 GPa by Gong theory (Eq. (15)), 
HIT = 12.0 GPa by energy-based approach (Eq. (16)), 
and HIT = 14.1 GPa by displacement-based approach 
(Eq. (17)). The values of HIT by OP method (Eq. (2)) 
and by c2 method (Eq. (10)) are almost the same with 
each other. The values of HIT obtained by c2 method 
(Eq. (10)) and OP method vary with the Fmax, while 
only a single value of HIT can be obtained by other 
methods, which rely on the scaling indentation 
relationships obtained by all nanoindentation data 
under various loads. HIT decreases from 19 to 12 GPa 
with the increase in Fmax due to indentation-induced 
damage, which is also corroborated by the decrease in 
Er. HIT = 14.1 GPa by displacement-based approach 
(Eq. (17)) is a little larger than HIT = 13.0 GPa by 
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Cheng theory (Eq. (14)), which is a little larger than 
HIT = 12.2 GPa calculated by Gong theory (Eq. (15)), 
which is almost the same as HIT = 12.0 GPa by 
energy-based approach (Eq. (16)). HIT measured under 
very small loads is unreliable and subject to many 
factors such as indentation size effect [106,107], 
surface effects, work hardening [108], and the blunt tip 
of the indenter; HIT measured under relatively large 
indentation loads is influenced by indentation-induced 
damage. HIT would be underestimated when all the 
nanoindentation data were used for calculation, and 
accurate determination of indentation hardness of 
brittle BST ceramic by OP method (Eq. (2)) also 
requires small loads, under which condition a constant 
level of HIT can be approximated without the influence 
of indentation-induced damage, and it is found that 
HIT = 16.2 GPa, as shown in Fig. 14(f). 

3. 4  Elastic modulus obtained by HK 

The macroscopic elastic modulus (EK) can also be 
obtained based on the elastic recovery of imprint by 
Knoop indenter [65]. 
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where d and b are the long and short diagonals of 
residual imprint, respectively; αK is a constant of 0.45 
for ceramics [109]; HK is the Knoop hardness, which is 
the mean pressure defined by the ratio of normal load 
(P) over the projected area of residual imprint created 
by the lozenge-based pyramid Knoop indenter [110]; 
and θ1 (= 86.25°) and θ2 (= 65°) are the semi-apical 
angles of Knoop indenter. 

Figure 8(a) shows the residual imprint by Knoop 
indenter at the load of 1000 gf, and no cracking on the 
surface is observed due to the flatness and bluntness of 
Knoop indenter resulting from its specific elongated 
rhombohedral shape, which results in much less 
damage than those of Berkovich and Vickers indenters 
under the same normal load [110,111]. Knoop indenter 
is more appropriate for investigating microhardness of 
brittle solids, and thus, a much larger load is required 
for the calculation of fracture toughness of BST 
ceramic by Knoop indenter-induced cracking method 
[112]. With a constant b/d of 0.126 by linear fitting 
(Fig. 8(b)) and αK = 0.45, EK can be calculated by 
Eq. (18) with known HK. Figure 8(c) shows that both 
HK and EK decrease with P and reach constant levels 
under large P. EK under large loads of 4.9 and 9.8 N are 
almost the same as the average value (i.e., EIT = 260 GPa 

 

 
 

Fig. 8  Analysis of EK based on HK technique under various loads and dwell time of 15 s on a microhardness tester 
(MHVKN-1000, Shanghai Jvjing Precision Instrument Manufacturing Co., Ltd., Shanghai, China): (a) residual imprint by 
Knoop indenter under P = 1000 gf; (b) proportional relationship between b and d; (c) variations of EK and HK with P; and 
(d) dependence of αK and EK on HK. 
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that can be obtained from Er) of elastic modulus by c2 
method, demonstrating the applicability of HK to 
estimation of elastic modulus of dielectric ceramics. It 
is interesting to note that EK is proportional to HK, 
which was also reported for bulk metallic glasses [113], 
and EK = 31HK for BST ceramic (Fig. 8(d)). 

With a constant EIT obtained by nanoindentation, αK 
can be calculated from Eq. (18) as 
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where b/d = 0.126 (Fig. 8(b)) and EIT = 260 GPa 
calculated by substituting Er = 219 obtained by c2 
method Eq. (9) into Eq. (2). Figure 8(d) shows that the 
values of αK obtained by Eq. (19) are more or less than 
the constant of 0.45 proposed for ceramics [109], 
indicating the validity of αK = 0.45 for BST ceramic. 

3. 5  Microscratch responses of BST ceramic 

Figures 9(a) and 9(b) show the variations of scratch 
variables such as penetration depth (dp), residual depth  
 

(dr) representing plastic deformation, horizontal force 
(Fh), friction coefficient (μs = Fh/Fn), and AE, with 
applied Fn during scratching by Berkovich and 
spherical indenters. Chips and cracking at some 
weaker points of brittle BST ceramic are induced by 
Berkovich indenter due to the sharp edge of Berkovich 
indenter, as expected in Ref. [114]. Scratch groove and 
surface cracking are invisible by spherical indenter due 
to the bluntness of spherical indenter. For a spherical 
indenter, dp increases proportionally with Fn, which is 
consistent with the result of copper [71]; the negligible 
dr obtained by spherical indenter indicates that elastic 
deformation plays the predominant role during scratch 
by a spherical indenter due to its blunt tip; and AE 
remains a low and constant level without fluctuation in 
the absence of surface cracking. The significantly 
smaller μs under a spherical indenter than μs under 
Berkovich indenter is due to the much shallower 
penetration depth and the smooth shape of the 
spherical indenter. 

For Berkovich indenter (Fig. 9(a)), three different 

 
 

Fig. 9  Variations of dp, dr, Fh, μs, and AE with applied Fn during scratching by (a) Berkovich indenter and (b) spherical indenter. 
The optical images of residual scratch grooves by Berkovich and spherical indenters are synchronized with scratch variables. 
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regimes with two demarcation points can be identified. 
The first demarcation point (Fn = 1.1 N) distinguishing 
regime I and regime II can be identified by the sudden 
increase in AE and the beginning of fluctuation of dr. 
During regime I for low loads (Fn < 1.1 N), AE 
remains a low and constant level without fluctuation; 
dp, dr, Fh, and Fn all have proportional relationships. 
AE fluctuates during regime II when severe surface 
cracking appears. The second demarcation point (Fn = 
2.6 N) distinguishing regime II and regime III can be 
identified by the sudden increase in both dp and μs. 
Both dr and AE fluctuate during regime II for 
intermediate loads (1.1 N < Fn < 2.6 N). A constant μs 
(about 0.46) can be approximated (i.e., Fh is 
proportional to Fn) during regimes I and II with the 
slight data fluctuation due to scratch-induced vibration 
of the sample surface [115,116]. All variables including 
dp, dr, Fh, and μs fluctuate dramatically during regime 
III for high loads (Fn > 2.6 N) due to the severe 
cracking and damage [117]. The abrupt increase in AE 
correlates closely with the abrupt decrease in both Fh 
and μs and is also associated with a rapid increase in dp 
(Fn = 8.6 and 12.8 N highlighted in Fig. 9(a) for two 
examples). 

For a spherical indenter (Fig. 9(b)), three different 
regimes with two demarcation points can also be 
identified. The first demarcation point (Fn = 6.7 N) 
distinguishing regime I and regime II can be identified 
by the sudden increase in both μs and Fh. During 
regime I for low loads (Fn < 6.7 N), a constant μs can 
be approximated when the adhesion plays the 
predominant role [118], and Fh is proportional to Fn in 
the absence of data fluctuation. During regime II for 
intermediate loads (6.7 N < Fn < 15.0 N), μs fluctuates 
due to fluctuation of Fh and tends to decrease due to 
cracking/damage beneath the surface. A constant μs 
(about 0.1, Fh is proportional to Fn) can be approximated 
during regime III for high loads (Fn > 15.0 N), 
indicating the stable propagation of cracking in the 
subsurface region, which meets the assumption of a 
semi-circular cracking plane beneath the surface used 
for calculation of fracture toughness by the scratch 
approach (Fig. 10). The second demarcation point 
(Fn = 15.0 N) distinguishing regime II and regime III 
can be identified by the intersection between the 
constant level of μs during regime III and the varying 
trend during regime II. Although little surface damage 
can be observed by a spherical indenter, subsurface 
damage is indicated by the sudden change of μs, and 

LEFM is expected to be applicable to assessment of 
fracture toughness. 

The Sh, Sn, and lp between Berkovich (or spherical) 
indenter and the sample can be calculated from dp 
according to the geometrical intersection model, as 
shown in Fig. 10 and Eq. (20). 
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where αB = 65.27° for Berkovich indenter, and tip 
radius (R) = 500 μm for the spherical indenter used in 
the current study. 

The horizontal scratch hardness (Hh) and normal 
scratch hardness (Hn) can be calculated as the mean 
pressures defined by the ratio of Fh over the Sh and by 
the ratio of Fn over the Sn, respectively. 

 h h h n n n,   =  H F S H F S      (21) 

Figures 11(a) and 11(b) show the variations of Hh 
and Hn with the applied Fn by Berkovich and spherical 
indenters, respectively, and power-law functions are 
applicable to describe their variations with Fn. Both Hh 
and Hn decrease with the increasing Fn for Berkovich 
indenter. For the spherical indenter, Hh decreases, 
while Hn increases with Fn, resulting a transition point 
(i.e., 15 N) for equality between Hh and Hn: Hh is larger 
than Hn under small Fn (< 15 N); Hh is small than Hn 
under large Fn (> 15 N). It is interesting to note that the 
transition point of 15 N is right the same as the 
secondary demarcation point, as shown in Fig. 9(b), 
and the transition point between regime II and regime 
III for a spherical indenter can be obtained by the 
equality between Hh and Hn. It is also interesting to 
note that the values of power-law exponents are the 
same (i.e., −0.4) for Hh and Hn by Berkovich indenter, 
resulting in the proportional relationship between Hh 
and Hn (i.e., Hh = 3.7Hn) by Berkovich indenter; and 
Hn for Berkovich indenter is almost the same as Hh for 
the spherical indenter with R = 500 μm. Figure 11(c)  
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Fig. 10  Schematic illustrations of geometrical parameters during scratching with cracking assumption (i.e., a semi-circular 
horizontal crack emanates from indenter tip) for calculating fracture toughness: (a) Berkovich and (b) spherical indenters. Note: 
Sh, Sn, and lp denote the horizontally projected contact area, normally projected contact area, and perimeter length, respectively, 
and αB is the face angle of Berkovich indenter 

 

 
 

Fig. 11  Variations of various hardness values with load: (a) Hh and Hn by Berkovich indenter; (b) Hh and Hn by spherical 
indenter; (c) relationships between Hn and Hh for Berkovich and spherical indenters; and (d) comparison of hardness values 
obtained by different techniques (i.e., HIT by Berkovich nanoindentation, HVM by Vickers indenter, and HK by Knoop indenter). 

 

shows that a linear relationship between Hn and Hh can 
be approximated for Berkovich indenter, while a linear 
relationship between Hn and Hh can only be 
approximated under large loads for a spherical indenter. 
Figure 11(d) compares the hardness values obtained by 
different indenters: HIT by Berkovich indenter decreases 
with Fmax due to indentation-induced damage, and a 

power-low function can be used to describe its variation 
with Fmax; HK by Knoop indenter (Eq. (18)) and HVM 
by Vickers indenter (Eq. (22)) both decrease with the 
increase in the applied normal load, which can be 
explained by noting indentation size effect [106,107] 
and indentation-induced damage; the values of HK by 
Knoop indenter are smaller than those of HVM by  
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Vickers indenter, since Knoop impression exhibits a 
smaller elastic recovery than Vickers impression due to 
the longer diagonal of Knoop indenter, especially for 
nonmetals like ceramics and hard materials 
[109,119–122]. The larger fluctuation of HVM than that 
of HK is caused by surface cracking induced by Vickers 
indenter, as shown in Fig. 12(a). The values of 
hardness obtained by normal indentation (i.e., HIT, HK, 
and HVM) are much larger than those obtained by 
scratch test, since scratching can induce more severe 
damage to the material. 

3. 6  Fracture toughness of brittle BST ceramic 

3.6.1  Vickers indenter-induced cracking method 

Microhardness tests were conducted with Vickers 
indenters on the microhardness tester (MHVKN-1000, 
Shanghai Jvjing Precision Instrument Manufacturing 
Co., Ltd., Shanghai, China) under dwell time of 15 s 
and five different loads (i.e., 100, 200, 300, 500, and 
1000 gf) with 20 repetitive tests being carried out 
under each normal load level. HVM can be calculated 
by the ratio of P over the projected area of residual 
imprint of Vickers indenter. 

 
VM 2

=
2

P
H

a
          (22) 

where a is the average length of the two diagonals of  
 

residual imprint by Vickers indenter. 
Figure 12(a) shows the residual imprint by Vickers 

indenter at P = 1000 gf. The indenter-induced cracking 
has become an effective technique to estimate fracture 
toughness of brittle ceramics for the past four decades 
[112,123–125]. Vickers indenter can induce two 
cracking modes (i.e., radial and median cracking 
modes) [24], as shown in Fig. 12(b): Radial cracking 
emanates from the four corners of diagonals of the 
imprint; and median cracking initiates beneath the 
imprint. The absence of multiple or chaotic cracking 
[126] indicates the good quality and homogeneity of 
the prepared BST ceramic, whose relative density is 
about 94%. The average values of a, c, l/a, and HVM 
based on 20 repeated tests under each load are listed in 
Table 4. The cracking mode of BST ceramic is radial 
(or Palmqvist) cracking under the condition of 
0.25 ≤ l/a ≤ 2.5 [127–129]. Equations (23)–(35) for 
calculating KC are listed in Table 5. The critical 
variables such as P/c1.5 and l−0.5a for calculating KC are 
also listed in Table 4. a, c, and l/a all increase with P, 
indicating that the damage and cracking with 
deformation become more severe with the increasing 
normal load; while HVM, P/c1.5, and l−0.5a can be 
regarded as constant values of 10 GPa, 24.5 mN/μm1.5, 
and 3.7 μm0.5, respectively. The values of KC calculated 
by different equations are listed in Table 6. 

 
 

Fig. 12  Analysis of deformation and cracking by Vickers indenter: (a) residual imprint by Vickers indenter at P = 1000 gf 
(2a is the diagonal of Vickers indent, l is half of the surface crack length for radial cracking, and c = l + a); (b) illustration of 
radial and median cracking modes. 

 

Table 4  Average values of a, c, l/a, and HVM under different P 

P (gf) a (μm) c (μm) l/a HVM (GPa) P/c1.5 (mN/μm1.5) l−0.5a (μm0.5) 

100 6.9 — — 10.2 — — 

200 9.7 16.4 0.7 10.4 29.5 3.7 

300 12.1 24.4 1.0 10.0 24.4 3.5 

500 15.7 33.7 1.1 9.9 25.0 3.7 

1000 22.5 55.1 1.4 9.7 24.0 3.9 

Note: P should be converted from gf to mN in the calculation of HVM, and cracking is absent under small P (≤ 100 gf). 
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Table 5  Equations (23)–(35) for calculation of KC by Vickers indenter-induced cracking 

Cracking type Material and Ref. Equation 

Radial 

Si3N4, SiC, B4C, and soda-lime silica glass [130] and WC–Co [129] 0.035(l/a)−0.5[HVM/(ϕE)]−0.4(HVMa0.5/ϕ) (23) 

ZnS, Si, and soda-lime glass [131] 0.036×101.8E0.4P0.6(2a)−0.7(l/a)−1.5 (24) 

Ceramics [132] 0.015(l/a)−0.5(E/HVM)2/3(P/c1.5) (25) 

WC–Co [133] βV(HVMP/4l)0.5 (26) 

Median 

Si, quartz, fused silica, and soda-lime silica glass [134] (1 − 2ν)[(2HVM/π)(P/c)]0.5/(2 2π2) (27) 

Si and SiC [135] 72.5(P/c1.5) (28) 

Soda-lime silica glass [136] 72.6(P/c1.5) (29) 

WC–Co, Si3N4, SiC, BC, ZnS, ZnSe, sapphire, and spinel [137] 75.2(P/c1.5) (30) 

Si3N4, Al2O3, C9606, and glass [138] 16(E/HVM)0.5(P/c1.5) (31) 

WC–Co [129] 0.129(c/a)−1.5[HVM/(ϕE)]−0.4(HVMa0.5/ϕ) (32) 

R–M 

Si and SiC [139] 10y[HVM/(ϕE)]−0.4HVMa0.5 (33) 

α-SiC, Al2O3, soda-lime glass, and NaCl [140] 0.0473(c/a)−1.56[HVM/(ϕE)]−0.4HVMa0.5 (34) 

Al2O3 [141] 0.0183lg(8.4a/c)[HVM/(ϕE)]−0.4HVMa0.5 (35) 

Note: “R–M” represents the mixture of radial and median cracking modes; P is the normal load for Vickers indenter; ϕ (= 3) is the constraint factor; ν of  

BST ceramic is assumed to be 0.2; βV = 1/[3π(1 − ν2)( 2tanψ)0.5] = 0.06 with half angle (ψ = 68°) for Vickers indenter; and y = −1.59 − 0.34x −  

2.02x2 + 11.23x3 − 24.97x4 + 16.32x5, x = lg(c/a). 
 

Table 6  KC (MPa·m1/2) of BST ceramic calculated by Eqs. (23)–(35) in Table 5 

P (gf) 
Radial Median R–M 

Eq. (23) Eq. (24) Eq. (25) Eq. (26) Eq. (27) Eq. (28) Eq. (29) Eq. (30) Eq. (31) Eq. (32) Eq. (33) Eq. (34) Eq. (35)

200 2.5 6.9 3.9 1.6 0.6 1.8 1.8 1.8 2.0 3.5 3.6 3.7 2.3 

300 2.5 4.2 3.2 1.4 0.6 1.8 1.8 1.8 2.0 3.0 3.7 3.1 2.3 

500 2.5 4.0 3.0 1.5 0.7 1.8 1.8 1.8 2.0 3.1 4.0 3.3 2.5 

1000 2.5 3.3 2.7 1.6 0.7 1.8 1.8 1.8 2.0 3.0 4.4 3.2 2.7 

Note: The constant values of E = 260 GPa determined by Eq. (9), HVM = 10 GPa, P/c1.5 = 24.5 mN/μm1.5, and l−0.5a = 3.7 μm0.5 are used; the average 
values of c and a listed in Table 4 are used. 

 
Values of KC calculated by Eqs. (24), (25), (33), and 

(35) are load-dependent, and those equations cannot be 
applied to characterize fracture toughness of ceramics. 
Values of KC calculated by Eqs. (23) and (26)–(31) can 
be approximated to be constant and independent of 
load. Values of KC calculated by Eqs. (28)–(30) are 
almost the same, since those equations are almost the 
same with only a slight difference in the prefactor. 
Values of KC calculated by Eqs. (32) and (34) can be 
approximated to be constant under large P with the 
relatively large values of KC calculated under small P 
(< 300 gf) owing to the large measurement uncertainty 
of imprint diagonal and crack lengths. 

Values of KC calculated by Eqs. (32) and (34) under 
large P (> 200 gf) are about 3.1 and 3.2 MPa·m1/2, 
respectively, and lie within the reasonable range (i.e., 
3–4 MPa·m1/2 by the single-edge notch beam method 
[142–145]) of dense dielectric ceramics. Based on the 
results of KC by Eqs. (32) and (34) under large P (> 
200 gf), KC of BST ceramic is about 3.1 MPa·m1/2. The 

close values of KC calculated by Eqs. (32) and (34) are 
due to their similar expressions. Nevertheless, Eq. (32) 
is more preferable than Eq. (34), since the power 
exponent of the term c/a is −1.5 in Eq. (32) rather than 
−1.56 in Eq. (34). Therefore, Eq. (32) is the most 
suitable expression for calculating fracture toughness 
of brittle BST ceramic based on Vickers indenter- 
induced cracking under relatively large loads. Although 
values of KC calculated by Eqs. (23) and (26)–(31) are 
smaller than the reasonable value (i.e., 3.1 MPa·m1/2), 
the empirical constants of those equations can be 
simply modified to give reasonable values of KC: The 
prefactor 0.035 in Eq. (23) should be changed to 0.043; 
the prefactor 0.06 in Eq. (26) should be changed to 
0.074; the prefactor in Eqs. (28)–(30) should be 93.6; 
and the prefactor in Eq. (31) should be 20 rather than 16. 

The probability density function for cracking length 
follows Weibull [146] or Gaussian distribution [7]. 
Since Weibull distribution has been widely used to 
assess the statistical variation of strength [147] or the 
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measured cracking length of brittle materials (e.g., 
ceramics [148,149] and glasses [150]), and values of 
fracture toughness obtained by 40 measurements of 2c 
under each load were analyzed by the well-known 
two-parameter Weibull distribution equation [149,151]: 
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w

w

1
ln ln ln ln ,   

1

( 0.5)

m K m K
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P i N
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(36)

 

where Pw is the cumulative probability of occurrence 
of (KC)i, which is the i-th (1 ≤ i ≤ N, N is the total 
number of data) result by ordering values of KC from 
the lowest to the highest; m is the dimensionless Weibull  
modulus; and 

0CK  is the scale parameter, which has  

the same unit as KC. Figures 13(a) and 13(b) show the 
cumulative probability of normalized fracture toughness 
(i.e., KC/Kca, Kca is the arithmetic average value of KC 
by Eq. (23) from 40 measurements) and Weibull plots 
of KC, respectively, for the datasets obtained at loads of 
200, 300, 500, and 1000 gf. Although the difference 
among different loads seems slight (Fig. 13(a)), the 
results under different loads can be clearly differentiated 
(Fig. 13(b)). There exists a bilinear relationship between 

wln ln(1 / (1 ))P  and Cln K  for load of 200 gf, 
which can be explained by noting the large measurement 
uncertainty of small crack lengths under a small load; 
linear relationships between wln ln(1 / (1 ))P  and 

Cln K  are observed for loads of 300, 500, and 1000 gf, 
implying that the experimental data can be well 
described by the two-parameter Weibull equation. 

The resultant Weibull parameters (i.e., m and 
0CK ) 

for each dataset of KC measured at different loads are 
summarized in Table 7. The minimum value (Kmin), the 
maximum value (Kmax), Kca, and SD of the calculated 
values of KC by Eq. (23) are also listed in Table 7. SD  

 

is larger under the load of 200 gf due to the large 
measurement uncertainty of small crack lengths. The 
values of SD are the same for the three other loads (i.e., 
300, 500, and 1000 gf), indicating that crack lengths 
can be accurately measured under loads no less than 
300 gf. The difference between Kmax and Kmin becomes 
smaller as the load increases, indicating that a more 
reliable KC can be measured under a larger load. m and  

0CK  were obtained under small KC (< 2.7 MPa·m1/2,  

i.e., the first linear segment) for 200 gf, since only the 
first linear segment of its bilinear relationship between 

wln ln(1 / (1 ))P  and Cln K  is consistent with the 
results for larger loads. 

The values of m and 
0CK  are the same for loads of  

200 and 500 gf, since the first linear segment for 200 
gf almost coincides with the data for 500 gf. Kca, which 
is the arithmetic average of KC from 20 repeated tests  
under each load level, is almost the same as 

0CK ,  

implying that 20 repeated tests are sufficient to obtain 
a reasonable value of fracture toughness of BST 
ceramic. m, which is normally larger than 100 for 
metals [152], indicates the quality and brittleness of 
ceramics. m of BST ceramic lies within the reasonable 
range of 10–20, since m of ceramics is normally 
smaller than 20 [153] (e.g., m = 15 for Si3N4 [154], m = 
19.8 for ZrO2 [154], and m = 16 for porcelain [155]). 

3.6.2  Energy-based nanoindentation approaches 

Assuming that the fracture work (Wf) is equal to the  

critical plastic deformation work ( pW  ) that corresponds 

to a critical maximum indentation displacement ( *
maxh )  

when fracture initiates [156], KC of ductile material can 
be obtained by energy-based nanoindentation approach 
as [66]: 

 
 

Fig. 13  Weibull analyses of fracture toughness of BST ceramic obtained by Vickers indenter-induced cracking method (KC is 
calculated by Eq. (23)): (a) cumulative probability of normalized fracture toughness (i.e., KC/Kca); (b) Weibull plots of fracture 
toughness by Eq. (36). 
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Table 7  Statistical analysis results for measured KC 
(MPa·m1/2) of BST ceramic based on Vickers indenter- 
induced cracking method by Eq. (23) 

P (gf) 
KC Weibull parameter 

Kmin Kmax Kca SD 
0CK  m 

200 2.1 3.6 2.5 0.4 2.6 13.3 

300 1.9 2.9 2.3 0.2 2.5 10.8 

500 2.1 3.0 2.5 0.2 2.6 13.1 

1000 2.3 3.0 2.6 0.2 2.7 19.1 

Note: Kmin, Kmax, Kca, and SD are the minimum value, maximum value, 
arithmetic average, and standard deviation of values of KC by Eq. (23), 
respectively. 
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 (37) 

where GC is the critical strain energy release rate when 
fracture initiates; fA  is the critical contact area at 

*
maxh ; and λ = 4.52 for Berkovich indenter, which also 

appears in Eq. (11). E0 is the EIT (EIT can be calculated 
from Er by Eq. (2)) measured by nanoindentation in the 
absence of indentation-induced damage under small 
loads. E0 (= 260 GPa) is calculated by c2 method (E0 is 
just EIT in Eq. (9)), since Er = 219 GPa calculated by c2  
 

method lies within the range of Er calculated by OP 
method (Eq. (2)) under small loads. 

Figure 14(a) shows the variation of HIT with Er 
obtained by OP method (Eq. (2)). For large loads (Fmax > 
120 mN), HIT increases with Er in a linear way; HIT/Er 
increases with the increase in Fmax, since Er has a 
greater decline than HIT under large Fmax, as shown in 
Fig. 14(b); the larger HIT/Er under larger Fmax is caused 
by indentation-induced damage. The proportional 
relationship between HIT and Er only holds under small 
loads (Fmax < 120 mN), resulting in a constant value of 
HIT/Er in the absence of severe damage, which should 
be used to calculate fracture toughness by Eq. (37). 
Based on the proportional relationship between HIT/Er 
and We/Wt (= 0.46 (Fig. 7(a))), it can be calculated by 
Eq. (11) with χ = 0.174 that HIT/Er = 0.08, which is a 
little larger than HIT/Er = 0.075 by curve fitting under 
small Fmax (Fig. 14(a)). Since We/Wt is insensitive to 
indentation-induced damage, as shown in Fig. 7(a), 
HIT/Er = 0.08 calculated by the proportional 
relationship between HIT/Er and We/Wt by Eq. (11) is 
believed to be more reliable than HIT/Er obtained by 
OP method under small loads, which is subject to 
much uncertainty evidenced by the large data scatter 
due to surface effects [81,157]. 

Figure 14(b) shows the variations of EIT and HIT  

 
 

Fig. 14  Analysis of KC of BST ceramic by energy-based nanoindentation approach: (a) variation of HIT with Er obtained by OP 
method (Eq. (2)); (b) dependence of EIT and HIT obtained by OP method (Eq. (2)) and Fmax on hmax; dependence of KC calculated 
by Eq. (41) on f* based on deterioration of (c) EIT and (d) HIT; (e) variation of KC calculated by Eq. (44) (Wf = 0.09Wt for BST ceramic, 
and both Er and Ap are obtained by OP method) with Fmax; and (f) variations of Er and HIT by OP method (Eq. (2)) with Fmax. 
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obtained by OP method with hmax. Both EIT and HIT 
nonlinearly decrease with the increase in hmax under 
large loads due to indentation-induced damage, and 
power-law functions are applicable to describe the 
decreasing trends. The data of HIT under small Fmax (< 
3 mN) were not considered for curve fitting since 
indentation hardness is sensitive to many factors (e.g., 
surface condition and work hardening [108]), especially 
under small indentation depths. The data of EIT under 
small Fmax (< 12 mN) were not considered either for 
curve fitting, since a constant level of EIT, which is 
insensitive to stress or strain state of material [32], can 
be approximated under small Fmax (or hmax) in the 
absence of indentation-induced damage. The degradation 
(or deterioration) of EIT and HIT can be expressed as 
power-law functions of hmax under large loads in the 
presence of indentation-induced damage. 

 
0.3 0.14

IT max IT max1300 ,   32E h H h         (38) 

The critical total work ( tW  ) is obtained by 

integrating the loading curve, which can be expressed 

by F = khn, from zero point of contact to *
maxh  [66]. 
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where k (= 1.56×10−3 mN/nm1.7) and n (= 1.7) can be 
obtained by curve fitting of Fmax vs. hmax, as shown in 
Fig. 14(b). 

*
pW  can be determined by substituting Eq. (11) into 

Eq. (39) [66]. 
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Finally, KC can be calculated by combining Eqs. (37) 
and (40). 
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The critical indentation maximum displacement  

( *
maxh ) can be determined by the critical damage  

variable (D*) at fracture initiation. The deterioration of 
mechanical properties (e.g., indentation hardness and 

elastic modulus) by material fracture can be characterized 
by damage variable (D) based on the continuum 
damage mechanics theory [137,138]: 

 

IT

0

IT

0

1  or 1  
E

D
E

H
D

H
        (42) 

where H0 = 17.5 GPa is calculated by HIT/Er = 0.08 
with Er = 219 GPa, which is also used to calculated E0. 
H0 (= 17.5 GPa) is close to the values of HIT obtained 
by OP method and c2 method under small loads 
(Fig. 7(d)). D* can be calculated by f*. 
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where f* = 0.25 is used for ductile materials [158–160], 
resulting in D* = 0.48. With D* = 0.48 and E0 = 260 
GPa (or H0 = 17.5 GPa), HIT and EIT at fracture initiation  

can be determined by Eq. (42) to be ITE  = 135 GPa 

and ITH   = 9.1 GPa, respectively, and thus maxh  can  

be obtained by Eq. (38) based on the data, as shown in 

Fig. 14(b). It is worth noting that ITE  and ITH   

depend on D* by Eq. (42), and different values of D* 

result in different values of maxh , and a larger maxh  

results in a larger KC by Eq. (41). Under D* = 0.48 and 

ITE  = 135 GPa, it is found that maxh  = 1888 nm by 

Eq. (38), which is close to hmax = 1721 nm at Fmax = 
500 mN, under which load cracking is observed (the 
inset of Fig. 4(a)). Nevertheless, under D* = 0.48 and 

ITH   = 9.1 GPa, it is found that maxh  = 7935 nm by 

Eq. (38), which is significantly larger than that 

obtained by ITE , resulting in KC obtained by ITH   

being larger than that obtained by ITE . It can be 

obtained by Eq. (41) that KC = 2.9 MPa·m1/2 at maxh  = 

1888 nm is only a little smaller than that obtained by 
Eq. (32) (i.e., 3.1 MPa·m1/2) and lies within the 
reasonable range of 3–4 MPa·m1/2 [142–145]; KC = 

4.8 MPa·m1/2 at maxh  = 7935 nm is a little larger than 

the value in reasonable range of fracture toughness of 
BST. 

f* = 0.25, which was proposed for ductile material 
[158–160], may not be suitable for brittle ceramics, 
and KC calculated by Eq. (41) is dependent on the  

choice of f*. ITE  and ITH   are related to f* by  

substituting Eq. (43) into Eq. (42), and thus the relation 
between maxh  and f* can be obtained by Eq. (38), and 
finally KC can be expressed as a function of f* with 
Eq. (41). The dependence of KC on f* is displayed in  
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Figs. 14(c) and 14(d) based on the deterioration of EIT 
and HIT, respectively. Based on the deterioration of EIT, 
f* = 0.27 should be used for brittle ceramics, under 
which condition KC = 3.1 MPa·m1/2 by Eq. (41) is the 
same as the fracture toughness obtained by Vickers 
indenter-induced cracking method. f* = 0.25 proposed 
for ductile material can also be used, since KC is only a 
little underestimated based on the deterioration of EIT. 
When the deterioration of HIT is considered, f* = 0.18 
gives the same fracture toughness as that (i.e., KC = 
3.1 MPa·m1/2) obtained by Vickers indenter-induced 
cracking method; and f* = 0.16 leads to the same KC 
(i.e., 2.9 MPa·m1/2) obtained by the deterioration of EIT 
with f* = 0.25. Therefore, f* should lie within the range 
from 0.16 to 0.18 for brittle ceramics if deterioration of 
HIT is considered. 

KC can also be calculated from a single indentation 
test [67]: 

 

f
C r

p c( )

W
K E

A h
        (44) 

where Er is obtained by OP method Eq. (2), as shown 
in Fig. 7(c) that Er decreases with the increasing load 
under large Fmax; Wf is a part of Wp, which is the sum 
of pure plastic work (Wpp) and Wf. The Wt can be 
expressed as [67]: 

 t e p e pp fW W W W W W           (45) 

where Wpp can be calculated by Eq. (46) [67,161]: 
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where hp/hmax = 0.62, as shown in Fig. 5(a), resulting in 
Wpp = 0.45Wt, and Wf = 0.55Wt − We. Since We = 
0.46Wt, as shown in Fig. 7(a), it can be computed that 
Wf = 0.09Wt for BST ceramic. 

The values of KC calculated by Eq. (44) under 
different Fmax are shown in Fig. 14(e). KC = 2.9 and 4.8 
MPa·m1/2 by Eq. (41) with f* = 0.25 based on the 
deterioration of EIT and HIT, respectively, and KC = 
3.1 MPa·m1/2 obtained by Vickers indenter-induced 
cracking method by Eq. (32) are all included in 
Fig. 14(e) for comparison. KC by Eq. (44) is nonlinearly 
dependent on Fmax, which can be expressed by a  

power-law function: C max0.66K F  (the units of  

KC and Fmax are MPa·m1/2 and mN, respectively). 
Reasonable values of fracture toughness (i.e., KC = 
2.9–3.1 MPa·m1/2) can be calculated by Eq. (44) under 
20 mN < Fmax < 25 mN, and it is striking to note that 
both Er and HIT can be approximated to be constant for 
Fmax < 25 mN and start decreasing apparently when 
Fmax increases beyond 25 mN, which can be regarded 
to be the critical load for initiation of fracture, as 
shown in Fig. 14(f), showing the variations of Er and 
HIT under small Fmax (< 80 mN). Er and HIT both 
decrease under large loads, which can be explained by 
noting that the surrounding voids or defects around the 
indented region can play an increasingly significant 
role as the load or contact area increases, resulting in 
indentation-induced cracking rather than the substrate 
effect for soft battery material studied under small 
loads in the absence of cracking damage [100], and the 
influence of differently colored regions of small sizes on 
mechanical properties of BST ceramic can be neglected 
under large loads. Reliable fracture toughness can be 
obtained by fracture energy-based approach (Eq. (44)) 
at the critical load of fracture initiation, which can be 
determined by the apparent decrease in Er and HIT 
under small Fmax. For Fmax < 25 mN in the absence of 
indentation-induced damage, Er can be approximated 
to be a constant of 216 GPa, which is almost the same 
as Er = 219 GPa obtained by c2 method (Eq. (9)); HIT 
can also be approximated to be a constant of 16.2 GPa, 
which is close to H0 = 17.5 GPa (calculated by HIT/Er = 
0.08 with Er = 219 GPa) that is used as the indentation 
hardness without the effect of damage in Eq. (42). 

The results by energy-based nanoindentation approaches 
are consistent with that measured by Eq. (32). The f* 

used in calculation of fracture toughness by enery- 
based nanoindentation approaches (Eq. (41)) depends 
on whether deterioration of EIT or HIT is considered, 
and it is found for brittle ceramics f* = 0.27 (or 0.18) if 
EIT (or HIT) is used. Fracture toughness of brittle ceramics 
can also be obtained by Eq. (44) at the critical load of 
fracture initiation, which is indicated by the lowest 
indentation load that makes HIT or Er start decreasing. 

3.6.3  Scratch-based methodologies 

With the assumption of emanation of a semi-circular 
horizontal crack plane in front of the indenter tip, as 
shown in Fig. 10, KC can be estimated during scratching 
under axisymmetric indenters based on LEFM [68] and 
MESEL [69–71,162,163]:  
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where D0 represents the fracture process zone size; cf 
can be used to estimate the length scale of cohesion 
zone of the tested material [71]; Λ0 is a transitional 
length scale with the same order of magnitude of interface  
of heterogeneous material [70]; and h pΛ ( 2 )S l  is 

the nominal size. For Berkovich indenter, =  

p B
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3 tan
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 for Hubler and Ulm’s ESEL. 

Figure 15 shows that σh decreases with the increase 
in Λ or dp for Berkovich and spherical indenters. 
Indenter geometry plays a significant role in scratch-  

 

induced cracking: The fluctuation and instability of σh 
for Berkovich indenter, as shown in Figs. 15(a) and 
15(b), are attributed to cracking and damage induced 
by the sharp edge of the indenter (Fig. 9(a)); while the 
variations of σh and dp for a spherical indenter are 
smoother, as shown in Figs. 15(c) and 15(d), respectively, 
since surface damage is slight, as shown in Fig. 9(b). 
The values of KC obtained by LEFM, Akono’s ESEL, 
and Hubler and Ulm’s ESEL are more or less the same, 
which can be explained by noting that the fitting 
parameters (Λ0 and D0) in Akono’s ESEL and Hubler 
and Ulm’s ESEL, respectively, are negligibly small, 
and can be regarded to be zero for both Berkovich and 
spherical indenters, under which condition Akono’s 
ESEL and Hubler and Ulm’s ESLS are reduced to 
LEFM model, indicating that LEFM is suitable for 
assessing fracture toughness of brittle materials like 
ceramics and glasses [164]. KC = 3.03 MPa·m1/2 
obtained by LEFM under a spherical indenter lies 
within the reasonable range (i.e., 3–4 MPa·m1/2) 
[142–144], and is almost the same as those measured 
by Vickers indenter-induced cracking method (i.e., 
KC = 3.1 MPa·m1/2) and energy-based nanoindentation 
approach (KC = 3.1 MPa·m1/2 with the deterioration of 
EIT under f* = 0.27). 

 

 
 

Fig. 15  Analyses of KC of BST ceramic by different scratch-based approaches (e.g., LEFM, Akono’s ESEL, Hubler and Ulm’s 
ESEL, and Liu’s ESEL) in Eq. (47) for (a, b) Berkovich indenter and (c, d) spherical indenter. 
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KC = 7.9 MPa·m1/2 obtained by LEFM under 
Berkovich indenter is about twice the reasonable value, 
which can be explained by noting that the assumption 
of a semi-circular horizontal crack plane emanating 
from the indenter tip does not hold for Berkovich 
indenter, which can cause severe damage and complex 
cracking; scratch-based approaches (Eq. (47)) were 
proposed for axisymmetric indenters rather than 
Berkovich indenter lacking axial symmetry. Modification 
of Eq. (47) is necessary when Berkovich indenter is 
applied to measure fracture toughness, and a simple  

modification of LEFM gives h C  2 ΛK   for  

Berkovich indenter. Values of KC obtained by Liu’s 
ESEL under a spherical indenter is 6.1 MPa·m1/2, 
which also lies within the range (i.e., 2–7 MPa·m1/2) of 
ceramics and ceramic composites measured by single 
edge V-notched and pre-cracked beam methods [22,23] 
or Vickers indenter-induced cracking method [12,13]. 
Values of KC obtained by Liu’s ESEL are about twice 
those obtained by LEFM for both spherical and 
Berkovich indenters, and KC obtained by Liu’s ESEL 
can be regarded to be the fracture toughness measured 
under plane stress condition, which is larger than that 
measured under plain strain condition [165]. A simple 
modification of Liu’s ESEL can also render fracture 
toughness close to that obtained by LEFM, and h   

C p f
p

Λ
2K d c

d
  for the modified Liu’s ESEL.  

Therefore, LEFM by a spherical indenter provides the 
most suitable scratch-based approach to calculate 
fracture toughness of brittle BST ceramic. LEFM 
model, Akono’s MESEL model, and Hubler’s MESEL 
model, which have been successfully applied to 
characterize the fracture toughness of materials of low 
fracture toughness (e.g., glasses, ceramics, and polymers), 
might not be suitable for metallic materials of high 
fracture toughness, and Liu’s MESEL model is more 
suitable to characterize metals of large fracture 
toughness [166]. 

The reasonable and consistent values of fracture 
toughness can be obtained by Vickers indenter-induced 
cracking method (Eq. (32)), energy-based nanoindentation 
approaches with Berkovich indenter (Eqs. (41) and 
(44)), and LEFM-based scratch approach with a 
spherical indenter (Eq. (47)). Vickers indenter-induced 
cracking method requires many repeated tests under 
the same load, nanoindentation approaches require 
many tests under various loads, while a continously 

increasing load can be used, and fracture toughness can 
be calculated in a single scratch test, and thus scratch 
approach with a spherical indenter provides the most 
efficient means to estimate fracture toughness of brittle 
ceramics. 

4  Conclusions 

Micromechanical properties of BST ceramic were 
characterized by nanoindentation, microhardness, and 
microscratch tests. The elastic modulus and indentation 
hardness were analyzed by OP method, c2 method, 
Cheng theory, Gong theory, energy-based approach, 
and displacement-based approach. The elastic modulus 
was also calculated by resonant ultrasound spectroscopy 
and the elastic recovery of Knoop imprint. Elastic 
modulus and indentation hardness of brittle ceramics 
should be measured under low loads with little 
influence of indentation-induced cracking, and c2 
method and OP method can be used to characterize the 
elastic modulus (i.e., 260 GPa) and indentation 
hardness (i.e., 16.2 GPa) of brittle BST ceramic based 
on the data under small loads. The much significant 
fluctuation of lateral force during scratch test under 
Berkovich indenter compared to that under a spherical 
indenter indicates that severe surface damage can be 
induced by the sharp Berkovich indenter, while surface 
is slightly damaged with a large elastic recovery due to 
the blunt tip of a spherical indenter. Three different 
regimes during scratch can be determined based on the 
variations of penetration depth, residual depth, and 
scratch friction coefficient. The microstructures of BST 
ceramic were characterized by the XRD, SEM, and 
Raman spectra. 

Consistent values of fracture toughness (i.e., 
3.0 MPa·m1/2 within the reasonable range of 3– 
4 MPa·m1/2) of BST ceramic can be estimated by 
various methods such as Vickers indenter-induced cracking 
method, energy-based nanoindentation approaches with 
Berkovich indenter, and LEFM-based scratch approach 
with a spherical indenter. For calculation of fracture 
toughness of brittle ceramics by energy-based 
nanoindentation approaches, f* = 0.27, which is close 
to 0.25 proposed for the ductile material, can be used 
when the deterioration of elastic modulus is considered; 
while f* = 0.18 should be used when the deterioration 
of indentation hardness is considered. Fracture toughness 
can be obtained by fracture work-based approach at a 
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critical load that corresponds to the initiation of 
fracture identified by the initial decrease in elastic 
modulus and indentation hardness. Scratch approach 
with a spherical indenter provides the most efficient 
means to estimate fracture toughness of brittle 
ceramics, since various loads can be progressively 
applied in a single scratch test. 
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