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Abstract: In this article, a new method has been presented for the estimation of fracture toughness in 
brittle materials, which enjoys improved accuracy and reduced costs associated with fracture 
toughness testing procedure compared to similar previous methods, because a vast range of specimens 
with irregular cracks can be accommodated for testing. Micron-sized alumina powders containing 
0.05 wt% magnesium oxide (MgO) nanoparticles were mixed and also together with 2.5 vol%,      
5 vol%, 7.5 vol%, 10 vol%, and 15 vol% of silicon carbide (SiC) nanopowders separately. By making 
and testing various types of ceramics with different mechanical properties, and considering the 
irregular cracks around the indented area caused by Vickers diamond indenter, a semi-empirical 
fracture toughness equation has been obtained. 
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1  Introduction  

Different methods have been devised for the 
measurement of fracture toughness in brittle materials. 
Chevron notch bar (CNB) [1–3], single-edge notch 
beam (SENB) [2–6], single-edge V-notched beam 
(SEVNB), single-edge pre-cracked beam (SEPB) [4,5], 
edge-loaded split (ELS) [7,8] and the double cantilever 
beam (DCB) are some of these methods, most of 

which have limited usage because of the difficulty in 
preparing the ceramic samples and high expenses 
associated with implementation. To solve this problem, 
a new method has emerged in the last few decades, 
which relies on the evaluation of indenter’s effect left 
in the materials [9]. In this approach, small surface 
cracks with controlled size and shape are easily created 
by indenters such as Bercovich, Conical and Vickers 
[10,11], which leave a series of these cracks on the 
specimen. By examining the morphology of these 
cracks, the fracture toughness of the specimen is 
determined [12]; less equipment and raw materials (for 
samples) are needed, and the speeds of sample 
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preparation and testing are higher compared to other 
methods [13].  

The idea of obtaining fracture toughness in brittle 
materials by evaluating the effect of indenter was first 
developed by Palmqvist [12]. By applying Vickers 
hardness-testing diamond in metal carbides, Palmqvist 
was able to establish a relationship between fracture 
process and other important parameters, such as 
hardness [14]. Then, many other researchers followed 
along and developed several relations for the 
estimation of this mechanical property [15–29]. 

In this research, a method, which increases the 
accuracy and reduces the costs of performing fracture 
toughness test based on Vickers indenter, has been 
investigated. Alumina, with numerous industrial 
applications, has been used as the main raw material 
together with 0.05 wt% of magnesium oxide (MgO) 
and various amounts of silicon carbide (SiC) 
nanopowder, which considerably changes its 
mechanical properties. 

2  Review of governing equations 

Three techniques are used to obtain fracture toughness 
equations on the basis of Vickers indentation test. The 
first model is based on Palmqvist cracks with 
half-ellipse sub-structure; the second model is based on 
half-penny or median cracks; and the third model is 
based on curve-fitting technique. Generally, the 
difference between the first two models is their 
sub-structures. In the first (Palmqvist) model, the 
length of the formed cracks is only measured from the 
tip of the indented section [14]; whereas in the second 
(half-penny) model, the crack length is measured 
radially from the center of the indented section [15]. 
The third approach is based on the comparison of 
equation results with those of other common methods. 
Figure 1 shows the difference between the two major 
models. 

In Fig.1, l indicates the length from the tip of the 
indented section to the end of the crack; a is the 
half-diameter of the indented section; and c is the sum 
of l and a. it should be noted that these amounts 
constitute the average of all the four cracks formed 
around the indented zone, meaning the values of l and 
c used in the research are the average lengths of the 
four radial cracks. In the most noted and referenced 
research [15], the c/a ratio is presumed to be indicative 
of the type of crack system. As a general rule, it is 

assumed that if / 2,c a  the crack model is 
considered as half-penny type, and if c/a<2, the crack 
model is considered as Palmqvist model [16,17]. In 
addition, the crack model may change from Palmqvist 
to half-penny type due to gradual and high-magnitude 
loadings (~ 90–100g) [18]. Of course, there are 
different discussions and viewpoints about the value of 
this ratio and the deduced type of crack system. For 
example, Bhat [19] suggested that if / 3,c a  the 
crack model should be considered as half-penny, and if 
c/a<3, it should be considered as Palmqvist. In their 
next articles, Bamzai et al. [18] and Bhat et al. [20] 
also suggested that if / 2.5,c a  the crack model 
should be considered as half-penny type, and if c/a<2.5, 
it should be considered as Palmqvist. Dub and 
Maistrenko [21] proposed a limit value of 2.1 for this 
ratio to differentiate crack models.   

The general and common assumption that normally 
governs this classification is that cracks in brittle 
materials with relatively low toughness are considered 
to follow half-penny model, and cracks with relatively 
high toughness can be considered to emulate Palmqvist 
model. Moreover, depending on the loading condition 
of the indenter, materials can be classified into the two 
mentioned models. For low-magnitude loadings, the 
crack model is considered as Palmqvist, and for 
high-magnitude loadings, the model is considered as 
half-penny. The exact value of this ratio depends on the 
brittleness of the considered materials [22]. 

There are many equations developed by researchers 
for the determination of fracture toughness based on 
the use of Vickers pyramid diamond indenter. All of 
these equations are obtained semi-empirically, 
meaning that the existing coefficients in these 

Fig. 1  (a) Palmqvist crack model; (b) half-penny 
crack model. 
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equations have been obtained by trial and error, and all 
of them emphasize the existence of crack length 
parameters. Some of these famous relations are listed 
in Table 1. 

Table 1  Some equations developed for the 
determination of fracture toughness in brittle 
materials 

No. Equation Crack model Ref.
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In Table 1, KIC is the fracture toughness (MPa·m1/2); 

P is the indentation loading (N); c is the crack length 
(mm); E is Young’s modulus (GPa); HV is Vickers 
hardness (GPa); and a is the half-diameter of the 
sample’s indented section (mm). Besides, y and F are 
obtained as 

2 3 4 51.59 0.34 2.02 11.23 24.97 15.32y x x x x x     
2 3 4 51.59 0.34 2.02 11.23 24.97 16.32F x x x x x     

And the value of x in the above relations is equal to 

log
c

x
a

   
 

                (1) 

Although this method has attracted a lot of attention 
in recent years because of its simplicity and economy 
of implementation, it is encumbered with considerable 
error compared to other common fracture toughness 

test methods such as SEVNB, SENB and CNB. The 
reason for this in many cases is due to the high loading 
of Vickers diamond and the existing impurities in the 
specimen structure as well, which cause the 
propagation of irregular cracks around the indent. If 
the magnitude of loading increases, the chipping 
phenomenon will occur in the sample [15]. Thus, the 
use of the mentioned equations will lead to significant 
error compared to other common methods. Therefore, 
by controlling the amount of loading and repeating the 
experiment, a sample with standard radial crack can be 
achieved through trial and error [15]. However, the 
repeat of the test requires more time and imposes 
higher costs. Besides, one of the most important 
factors that lead to computational errors when using 
the indentation test is the disregard of secondary cracks 
that might have formed in the specimen around the 
indented zone, which cause error in the amount of 
fracture toughness obtained from these equations. 
Another cause of error in using the mentioned relations 
is the amount of crack propagation along the depth   
of the sample. The longitudinal and depthwise 
propagations of crack in the specimen have an inverse 
relationship to each other, and both affect the obtained 
value of fracture toughness; whereas in the expressed 
equations, only the longitudinal propagation of crack 
in the specimen is effective. The cited factors 
sometimes cause up to 30% error in the amount of 
fracture toughness, compared to common methods 
[15–29]. 

3  Theory of the problem 

Figure 2 shows the overall schematic of crack tracks 
left in brittle materials by the fracture toughness test 
using Vickers indenter. This figure indicates that crack 
propagation is no longer radial, but cracks have grown 

 
Fig. 2  A model of irregular cracks around the 
indented zone. 
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in every direction or have branched out into smaller 
cracks. Since cracks may propagate haphazardly in the 
sample, if the area of crack tracks is used in the 
equations instead of crack length, it will not be 
necessary for cracks to be radial, provided that the area 
of all the formed micro-cracks is included in the 
fracture toughness formula. 

In fact, the area of micro-cracks formed around the 
indented zone of the specimen can be assumed as a 
regular-shaped geometry. In other words, the area and 
thickness values of micro-cracks can be measured with 
software and replaced with a regular-shaped geometry, 
e.g., rectangular, so that the rectangular area and width 
are equal to the area and average thickness of the 
micro-crack profile, respectively. There is possibility 
of using micro-crack area and thickness in fracture 
toughness calculation. It should be noted that, the 
novelty of this method can provide a new path for 
other researches in this field. The main privilege of this 
simulation is that by considering thickness and area 
values of the assumed virtual cracks instead of real 
cracks, fracture toughness equation will be 
independent of cracks’ movement path and propagation. 
This issue extends the range of the accepted specimens 
for fracture toughness measurement, and consequently, 
the number of tests is reduced. But, in this method, due 
to the low value of micro-cracks’ thickness, high 
accuracy of measurement is required which makes the 
measurement process longer. Since the measurement in 
this method is done by software, the process of test is 
highly repeatable, and the results are generally 
accurate. It should be considered that, usually when the 
distance from the indented zone made by Vickers 
diamond indenter increases, the rate of t (average 
thickness of the micro-crack profile) will be reduced 
and vice versa. 

Therefore, if the profile of a micro-crack formed in 
the sample is considered as the general form shown in 
Fig. 3 and its area is assumed equal to that of a 
rectangle with length c and thickness t , Eq. (2) will 
be obtained. 

 
Fig. 3  General profile of micro-cracks formed in 
the sample. 
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c

t
                  (2) 

In Eq. (2), c is the crack length; A is the micro-crack 
area; and t  is the average thickness of the 
micro-crack profile. Fracture toughness can also be 
determined through a general Eq. (3), as follows [15]: 

IC 3

2

P
K

c

                 (3) 

where ICK  is the fracture toughness in the first 
fracture mode (MPa·m1/2); P is the applied force (N); c 
is the average micro-crack length (mm); and   is a 
constant coefficient which is obtained by Eq. (4): 
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In Eq. (4), the value of   is independent of the 

material. By inserting Eq. (4) into Eq. (3), a general 
equation (5) is obtained: 
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            (5) 

where HV, E, P, c, and ICK  respectively denote 
Vickers hardness of the specimen (GPa), the modulus 
of elasticity (GPa), Vickers diamond loading (N), the 
average length of radial cracks in the specimen (mm), 
and the fracture toughness or the critical value of stress 
intensity factor in the first fracture mode (MPa·m1/2). 
  denotes a dimensionless empirical constant 
coefficient, which is obtained via other common 
methods of fracture toughness test. Anstis et al. [15] 
experimentally determined the value of   equal to 
0.016±0.004. By combining Eqs. (2) and (5), Eq. (6) 
is obtained: 
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In Eq. (6), t
 

and A represent the average thickness of 
all the formed micro-cracks around the indented 
section of the sample (mm), and the total area of 
micro-crack tracks around the indented zone (mm2), 
respectively. 

To obtain the constant value of  , Eq. (6) is 
rewritten as 
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            (7) 

The fracture toughness of the specimen is 
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determined through other common methods; the 
average area and thickness of the crack tracks are 
obtained by means of Image Analyzer Software; the 
hardness value of the sample is calculated by Vickers 
method using ASTM C1327-08 standard [30]; the 
magnitude of loading is also determined. The modulus 
of elasticity of the nanocomposite sample is 
determined using ASTM C769-98 standard [31], based 
on the speed of sound change in the sample material. 
Three pieces of the sample with dimensions of 
2.5 cm × 2.5 cm are prepared and their surfaces are 
polished with diamond paste up to 1 µm grain size. 
Then ultrasonic pulse with a frequency of 4 MHz is 
generated by an electrical energy converter device and 
emitted onto the sample surface, and the data received 
in return are inserted into Eq. (7). By having all the 
values at the right hand side of Eq. (7), the value of   
is obtained with a tolerance for all the examined 
ceramics having different volume percentages of SiC. 
Finally, when the   value is known, the fracture 
toughness of the ceramic will be determined by Eq. (6). 
In the following, Image Analyzer Software and its way 
of calculation are described. 

Image Analyzing Software with various capabilities 
can be freely downloaded from National Institutes of 
Health. This software can be used to analyze digital 
images by area measurement, length/size distribution, 
mean particle diameter, particle counts, etc. The 
process of image analyzing consists of two steps. First, 
those features of the specimen required to be analyzed 
should be defined so that the computer can recognize 
which data in the image is significant. Second, a binary 
image should be created based on some cut of value 
for pixel intensity. 

In cases where the images of surface are clear to be 
recognized, it can be relatively straightforward to 
distinguish them based on pixel value alone. 
Sometimes, especially when there is contact between 
objects making it not easy to distinguish one object 
from others, simple thresholding is not enough to 
define those features one wishes to count. Adapting the 
contrast of the image may help the operator recognize 
the object of interest, but this is not the same for 
computer. The operator can use a marking tool to 
recognize the object of interest. 

As an example, Figs. 4(a) and 5(a) respectively 
show the enlarged areas of the formed cracks       
in Al2O3–7.5%SiC (in volume fraction, similarly  

hereinafter) and Al2O3–15%SiC specimens, while in 
Figs. 4(b) and 5(b), software recognized the cracks 
from the other parts in order to measure the area and 
thickness values of the images. 

The image analysis output can be exported as a file 
that can be uploaded into a spreadsheet program, such 
as Excel, and then analyzed. Data placed in a 
spreadsheet can be analyzed in various ways, 
containing size distribution, average size, percent area, 
etc. 

In Figs. 6 and 7, the software is analyzing and 
measuring the images and the area values of cracks, 
respectively. 

 
(a) 

 
(b) 

Fig. 4  (a) Formed crack in Al2O3–7.5%SiC 
specimen; (b) preparation of the crack to be 
calculated by Image Analyzer Software. 



Journal of Advanced Ceramics 2013, 2(1): 87–102 92 

 
(a) 

 

 

(b) 
Fig. 5  (a) Formed crack in Al2O3–15%SiC specimen; (b) preparation of the crack to be calculated by Image 
Analyzer Software. 

 
Fig. 6  Separation of cracks by software in order to measure the required values. 

 
Fig. 7  Calculation the area values of cracks. 

It can be discovered that, with analyzing each image 
of the specimen, the process of calculation will be 
longer than crack length measurement. But precise 

result as well as cost saving, which result from 
reduction in the number of tests for finding straight 
cracks, make this method reasonable.  
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4  Experimental tests 

The purpose of the following experiment is to make 
Al2O3–SiC ceramic nanocomposite work pieces by the 
powder metallurgy method, and evaluate their fracture 
toughness values. In this investigation, main-phase 
alumina powder (γ-Al2O3) with 99.6% purity 
(determined by the X-ray diffraction pattern) was used. 
Table 2 shows the existing impurities through chemical 
analysis. The alumina powder had an average grain 
size of about 5 µm. 

Table 2  Chemical analysis of micronized alumina 
powder as raw material 

Mixture Percentage (wt%) 
Al2O3 >99.6 
Na2O <0.1 
Fe2O3 <0.03 
SiO2 <0.05 
TiO2 <0.005 
CaO <0.05 
MgO <0.1 

 
The SiC nanopowder (α-SiC phase) had an average 

grain size of 80 nm and purity of 96.5%. Moreover, 
MgO powder was obtained through thermal 
decomposition of ammonium oxalate and magnesium 
sulfate with particle size less than 100 nm, based on 
the research by Ahmadzadeh et al. [32]. Table 3 lists 
the chemical composition of existing impurities in SiC 
nanopowder. 

Table 3  Chemical composition of existing 
impurities in primary SiC nanopowder 

Mixture Percentage (wt%) 
C (free) 0.58 

SiC (free) 0.22 
Al 0.03 
O 3.50 

 
After weighing the raw materials, a suspension of 

them with isopropanol was prepared and placed in a 
steel mill chamber with tungsten carbide (WC) walls, 
which contained 22 beads of tungsten carbide. These 
materials were mixed in the mill at a speed of 150 rpm 
(revolutions per minute) for 3 h until they were 
homogenized. The resulting slurry was taken out of the 
mill and placed in a thermal drier at the temperature of 
90  for 24℃  h. 340 g of the obtained powder was 
formed in a press machine at a pressure of about 
2 MPa and the holding time of 30 sec. The pieces thus  

obtained were placed in a hot pressing apparatus with 
graphite mold and argon atmosphere, and were sintered 
up to the temperature of 1750  for 2℃  h and under 
simultaneous pressure of 30 MPa. With the elapse of 
sintering time, the furnace was turned off and the 
specimens were allowed to cool naturally to room 
temperature. These pieces were then cut to 4 mm ×    
3 mm × 45 mm samples and polished to 1 µm to be 
ready for determining their modulus of elasticity, 
hardness and fracture toughness. 

5  Evaluation of the results 

5. 1  Modulus of elasticity and hardness 

The relative density of alumina nanocomposite, with 
the addition of 5% SiC and 0–300 ppm MgO, at the 
sinter temperature of 1750 ℃, has been reported at 
about 93%–98% [33]. In this research, by adding 
500 ppm MgO, a relative density of about 99% was 
obtained for the compound. 

The samples’ modulus of elasticity (with four 
measurements) have been shown in Fig. 8, and the 
hardness values of the samples (with seven 
measurements) have been illustrated in Fig. 9, both 
versus volume fraction (vol%) of SiC nanopowder. By 
observing these figures, it can be seen that the modulus 
of elasticity and hardness values of the sintered 
specimens have a rising trend up to 7.5 vol% of SiC 
nanopowder, and then they have diminished 
afterwards. 

Through the examination of Figs. 8 and 9, the 
average values of Young’s modulus and Vickers 
hardness of the specimens are extracted and listed in 
Table 4. 

 

Fig. 8  Young’s modulus of the samples. 
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Fig. 9  Vickers hardness of the samples. 

Table 4  Average values of Young’s modulus and 
Vickers hardness of the samples 

Material 
Young’s modulus 

(GPa) 
Vickers hardness 

(GPa) 
Al2O3 426.3±2 15.89±0.45 

Al2O3–2.5%SiC 433.1±3 16.48±0.82 
Al2O3–5%SiC 439.6±2 16.62±0.80 

Al2O3–7.5%SiC 441.2±3 17.19±0.68 
Al2O3–10%SiC 414.6±3 16.89±0.74 
Al2O3–15%SiC 375.6±3 15.28±0.72 

 
The increase of modulus of elasticity up to 7.5 vol% 

of SiC nanopowder can be attributed to the high 
modulus of elasticity of silicon carbide relative to that 
of alumina [34]. Therefore, it is expected that with the 
increase of silicon carbide, the modulus of elasticity of 
the nanocomposite increases as well. But with the 
further increase of silicon carbide portion, the density 
diminishes, and the formation of porosity leads to the 
reduction of sound speed in the sample [34], thereby 
reducing the modulus of elasticity. Also in the results 
of hardness test performed with 98 N loading, it seems 
that with the increase of silicon carbide portion beyond 
7.5 vol%, the porosity increases and the density 
diminishes, thereby reducing the amount of hardness. 
Conversely, the agglomeration of SiC nanoparticle 
increases and their distribution in alumina powder 
becomes less uniform, thus causing the hardness to 
drop. Likewise, with the increase of silicon carbide 
portion, the residual stress arising from thermal 
expansion difference between SiC and Al2O3 increases, 
until it releases and causes micro-cracks to form in SiC 
[35]; as a result, the hardness diminishes. 

5. 2  Fracture toughness  

Figures 10, 11 and 12 respectively show the fracture 
toughness values of various samples obtained by 
SENB, SEVNB and CNB methods, which have been 

measured by the four-point flexure model. The 
specimens have been fabricated and tested with the a/w 
ratio of about 0.5 (where a is the groove depth and w is 
the width of the sample). The calculation procedure 
and accuracy of fracture toughness values obtained 
from these methods have been thoroughly covered in 
[1–6] and [36]. Fracture toughness values have been 
measured for four times in SEVNB and SENB 
methods, and three times in CNB method. 

 
Fig. 10  Fracture toughness values of the samples 
obtained by SENB method. 

 
Fig. 11  Fracture toughness values of the samples 
obtained by SEVNB method. 

 
Fig. 12  Fracture toughness values of the samples 
obtained by CNB method. 
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Through the examination of Figs. 10, 11 and 12, 
fracture toughness values of the specimens are 
obtained and listed in Table 5. 

Table 5  Fracture toughness values of the 
samples obtained through different methods  

Material 
SENB 

(MPa·m1/2) 
SEVNB 

(MPa·m1/2) 
CNB 

(MPa·m1/2)
Al2O3 3.83±0.26 3.90±0.11 3.87±0.08  

Al2O3–2.5%SiC 4.55±0.24 4.25±0.21 4.14±0.175
Al2O3–5%SiC 4.90±0.30 4.75±0.18 4.75±0.11  

Al2O3–7.5%SiC 4.84±0.27 4.66±0.04 4.85±0.06  
Al2O3–10%SiC 4.76±0.12 4.56±0.23 4.70±0.018
Al2O3–15%SiC 4.33±0.14 3.80±0.07 4.22±0.09  

5. 3  Calculation of the semi-empirical 
coefficient in Eq. (7) 

Now, having the exact values of the specimens’ 
fracture toughness, Young’s modulus and Vickers 
hardness, the semi-empirical coefficients of the 
equation are determined by using the areas and 
thicknesses of micro-crack tracks. A 150 N force was 
applied to the samples for 15 sec in order to calculate 
the values of fracture toughness through the 
indentation test, using the thickness and area of 
micro-crack tracks. Figures 13–17 illustrate the effect 

of Vickers test on some specimens. The shown SEM 
images indicate the existence of irregular cracks 
around the indented section. 

 
Fig. 14  SEM microstructure image of Vickers 
hardness test in a sample with 2.5 vol% of SiC 
nanopowder additive. 

 
Fig. 15  SEM microstructure image of Vickers 
hardness test in a sample with 7.5 vol% of SiC 
nanopowder additive. 

Fig. 13  SEM microstructure image of Vickers 
hardness test in a sample without the SiC 
nanopowder additive. 
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Fig. 16  SEM microstructure image of Vickers 
hardness test in a sample with 10 vol% of SiC 
nanopowder additive. 

 
Fig. 17  SEM microstructure image of Vickers 
hardness test in a sample with 15 vol% of SiC 
nanopowder additive. 

If the loading magnitude reaches 196 N, the 
chipping phenomenon will occur in the specimens. 
Figures 18 and 19 show the fracture toughness test 
with 196 N and 220 N loads in Al2O3–7.5%SiC and 
Al2O3–5%SiC test specimens, respectively. 

 
Fig. 18  Example of fracture toughness test in a 
sample with 7.5 vol% of SiC nanopowder using a 
196 N load. 

 
Fig. 19  Example of fracture toughness test in a 
sample with 5 vol% of SiC nanopowder using a   
220 N load. 

Figure 20 shows micro-crack thicknesses in 
micrometer (µm), which have been randomly 
measured for seven times at crack locations on the 
samples by means of Image Analyzer Software. 
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Fig. 20  Micro-crack thickness in each sample. 

As Fig. 20 indicates, at each measurement, different 
micro-crack thicknesses have been obtained, which is 
justified based on the fact that when we get to the 
indented region closer, the thickness of micro-cracks 
increases. 

The total areas of micro-crack trails left in samples 
are estimated in seven trials by means of the mentioned 
software. These values for each sample can be seen in 
Fig. 21. These areas have been obtained for six 
different samples.  

 
Fig. 21  Micro-crack area in each sample. 

As is obvious from Fig. 21, the measured areas are 
very close to each other. Each measurement includes 
the whole area of the micro-crack, and indicates a very 
small error obtained through the software. The average 
values of these areas can be seen in Table 6. 

Having all the right-hand-side values of Eq. (7), the 
correction coefficient   is evaluated. These values 
are determined by inserting all the obtained data into 
the right side of this relation. Figures 22–24 show   

with respect to variables of track area and thickness of 
the micro-cracks in different samples. Since the main 
indicator of the semi-empirical coefficient of Eq. (7) 
lies in the changes of micro-crack areas and 
thicknesses, only the changes of these values have 
been considered as the main variables, and to reduce 
the computational load, the average values of other 
parameters of Eq. (7) have been used in determining 
 . 

Table 6  Average areas of micro-cracks in the 
samples 

Material  Average area (µm2) 
Al2O3 341 

Al2O3–2.5%SiC 314 
Al2O3–5%SiC 294 

Al2O3–7.5%SiC 276 
Al2O3–10%SiC 292 
Al2O3–15%SiC 326 

 

 
Fig. 22  Correction coefficients for the variables of 
micro-crack area and thickness measured in Al2O3 

and Al2O3–7.5%SiC samples. 

 
Fig. 23  Correction coefficients for the variables of 
micro-crack area and thickness measured in 
Al2O3–2.5%SiC and Al2O3–10%SiC samples. 

 SiC 

 SiC 

 SiC 
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Fig. 24  Correction coefficients for the variables of 
micro-crack area and thickness measured in 
Al2O3–5%SiC and Al2O3–15%SiC samples. 

By examining Figs. 22–24, the average correction 
coefficient in Eq. (6) can be considered equal to 
0.00366±0.0003. Thus, Eq. (6) can be rewritten as  

1
32
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IC 3
V 2
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E P

K t
H
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         (8) 

6  Discussion and review of the results 

Figure 25 illustrates the comparison between fracture 
toughness values obtained through equations 1–10 
expressed in Table 1 and obtained by Eq. (8), in which 
the micro-crack area has been used instead of the 
length parameter, and the average values of common 
SENB and SEVNB methods are compared as well. The 
diagram values corresponding to Nos. 1–10 on the 
horizontal axis indicate fracture toughness values 
based on the cited relations in Table 1. Data 
corresponding to No. 11 on the horizontal axis are 
fracture toughness values according to Eq. (8), and 
also the values listed in Table 5 for SENB and SEVNB 
methods are given in the end portion of the horizontal 
axis for different percentages of SiC nanopowder. 

If a comparison is made between fracture toughness 
values obtained from Eq. (8) and from other relations 
for determination of fracture toughness by Vickers test, 
it can be seen that although the values obtained from 
the mentioned equation depend more or less on 
material structure, brittleness, Vickers hardness, 
Young’s modulus, and other mechanical properties and 
conditions, there is considerable savings associated 
with the use of this approach, because we no longer 
need repeated experiments in order to produce standard 
and regular cracks. 

 
Fig. 25  Comparison between fracture toughness 
values obtained by all the cited relations. 

Observing the plots in Fig. 25, it can be concluded 
that the obtained values corresponding to Nos. 6 and 7 
on the horizontal axis (equations 6 and 7 from Table 1) 
have considerable differences with the results of other 
equations. The reason could be that in these two 
equations, the crack length parameter (c in Fig. 1) has 
been expressed as squared. In fact, they are the only 
two equations in Table 1 whose crack lengths have 
been expressed as squared values. Since the 
experiments of this research lead to the creation of 
irregular cracks, it can be stated that the most 
influential parameters in the determination of fracture 
toughness are related to crack tracks (length and/or 
area of tracks). Because these parameters have less 
effect in these two equations, the error due to their use 
is higher with regards to the overall structural change 
of the existing cracks in the experiments of this 
research. In addition, it should be noted that the 
findings of other previous researchers [15–29] have 
always been accompanied with great differences (in 
some cases up to 30%) compared to those of other 
common methods, indicating a natural difference 
between them. 

Figure 26 illustrates the difference of fracture 
toughness results (in percent) between those obtained 
by available equations in Table 1, the output values of 
SENB and SEVNB methods, and the output values of 
Eq. (8). In the figure, Nos. 1–10 on the horizontal axis 
show the equations 1–10 in Table 1, and the vertical 
axis shows the values of difference percent. 

From Fig. 26, it can be realized that, the difference 
between the results of SENB and SEVNB methods and 
Eq. (8) is less than 10%. This small difference 
expresses the high accuracy of Eq. (8). This difference 
for most of other equations is between 10% and 30%, 
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and in some cases even close to 40%. 

 
Fig. 26  Error values (in percent) of the fracture 
toughness equations results from Table 1, and SENB 
and SEVNB methods, versus Eq. (8). 

The fracture toughness of alumina nanocomposites 
with SiC additive has been reported in the range of 
3–5.5 MPa·m1/2 [37]. The results of this research are 
also within this range and have acceptable agreement 
with the results of common and exact SEVNB and 
SENB methods outlined in Fig. 25. As observed in this 
figure, the highest calculated fracture toughness value 
is in the nanocomposite of Al2O3–7.5%SiC, and in 
some cases, in Al2O3–5%SiC. With the increase of SiC 
quantity, the agglomeration of SiC nanoparticles 
increases and their distribution within the alumina 
becomes less uniform [34]; on the other hand, the 
residual stress arising from thermal expansion 
difference between SiC and Al2O3 increases, and the 
release of this stress weakens the grain boundaries [35]. 
As a result, with the reduction of strength against crack 
formation, fracture toughness diminishes. 

It should be noted that due to the branching of 
cracks around the indented region of every sample, 
each side of the sample exhibits increased number of c. 
This increase in the number of c, which is 
accompanied with different lengths, certainly impacts 
the boundary limit of c/a ratio. By averaging the 
number of large and small crack lengths formed on all 
the four sides of the indentation, nc crack lengths can 
be assumed around the specimen indentation. In fact, 
for irregular cracks, the nc/a ratio should always be 
considered in the evaluation of the equation’s 
performance range (n denotes an estimation of the 
number of cracks on each side of the indented region). 
If n7, cmax=1.4n and nc/a20, the use of Eq. (8) will 
be allowed, because the results of this equation are 
closer to the results of half-penny model and SEVNB 

and SENB methods. 
In general, it is assumed that in the determination of 

fracture toughness of materials with low toughness, Eq. 
(8) can be used. The physical justification for this 
presumption is that, by experience, Vickers test’s 
results in highly brittle materials correlate with the 
number of cracks around the indented zone. It should 
always be noted that this equation has been derived 
based on the relations that are true for highly brittle 
materials. It has been proven experimentally that, in 
general, high brittleness will increase the extent of 
cracks produced in Vickers test [15]. Moreover, to 
produce radial cracks in these types of materials, it is 
necessary to increase the number of tests and to change 
the amount of loading in a trial and error fashion in 
order to achieve the desired specimen. This, in itself, 
shows the vast range of application of Eq. (8) to highly 
brittle materials. Another important point is the error 
induced in facture toughness values with the change of 
crack propagation in the depth of specimen. Since it is 
not possible to accurately measure crack depths, and 
the increase of micro-crack propagation along the 
sample’s depth has a direct relationship with the 
increase of micro-crack track area on the surface, and 
also this surface micro-crack area impacts the output of 
the fracture toughness (Eq. (8)), the indirect influence 
of micro-crack propagation along the depth can 
somehow be witnessed in the areas of surface 
micro-crack tracks that emerge in the equation. Besides, 
cracks normally don’t propagate in a straight line, and 
they are usually accompanied by small deviations and 
zigzag movements. Figures 27 and 28 show these 
deviations along the longitudinal propagation in 
Al2O3–5%SiC and Al2O3–10%SiC samples, 
respectively. These deviations also lead to error when 
using the previous relations, and confirm the accuracy 
of the obtained formulation in this article.  

The effectiveness and accuracy of Eq. (8) in 
determining fracture toughness values become more 
pronounced as we test more brittle materials, and by 
implementing the needed modifications in the 
empirical coefficient of the equation, its accuracy is 
enhanced. 

Figure 29 compares the fracture toughness values of 
the samples obtained by Eq. (8) with those calculated 
through CNB method and listed in Table 5. Since CNB 
method is one of the most accurate methods for the 
determination of material toughness, the closeness of 
Eq. (8)’s results to the results of CNB method is 
indicative of the accuracy of the equation. 
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Fig. 28  Zigzag crack tracks along the longitudinal 
propagation in Al2O3–10%SiC sample. 

 
Fig. 29  Comparison of the fracture toughness 
values between results obtained by Eq. (8) and those 
by CNB method. 

7  Conclusions 

The important objective of this research is to devise a 
method that, in addition to improving the accuracy of 
final results, substantially reduces the needs to 
qualitatively develop indentation-fracture-toughness 
equations and to perform costly trial-and-error type 
experimental procedures to achieve straight cracks. 
Thus, the following research findings can be cited: 

(1) For the determination of fracture toughness, 
indentation test in brittle materials is only applicable 
for the sake of comparison with other common and 
exact approaches, and the values solely obtained by 
this method cannot be considered sufficient for design 
purpose. 

(2) The fracture toughness values obtained by the 
derived equation have acceptable accuracy compared 
to the results of other relations. Although the obtained 
equation makes the calculation procedure more 
complex and requires the use of a software program, it 
cuts down the experiment-related expense. 

(3) The lack of chipping phenomenon in samples is 
the only main condition for the application of the 
mentioned equation. Also, the least amount of 
brittleness will be established in specimens, if n7, 

max 1.4c n  and nc/a20, where n denotes an 
estimation of the number of cracks on each side of the 
indented region. 

(4) The amount of error arising from the use of 
obtained equation in different ceramic specimens, 
relative to SEVNB, SENB and CNB methods, has 
been less than 10%, which considering the standards of 
toughness test by the indentation method makes the 
obtained equation highly accurate. 

(5) With the repeating of the procedure in this 
investigation, the range and effectiveness of the 
obtained equation can be extended by changing the 
value of its empirical coefficients in both models. 
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