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Abstract

The objective of this study was to investigate and compare the morphology and mechanical properties of cold 
isostatically pressed (CIP) alumina (Al2O3) samples sintered by conventional (electrical) and non-conventional 
(hybrid microwave) techniques. Scanning electron microscopy (SEM) was used to examine the morphology of the 
Al2O3 ceramics sintered by both sintering techniques. Following mechanical properties of CIP alumina ceramics were 

using Vickers method, and (iv) the brittleness index. The ISE is analysed using (i) the Meyer’s law, (ii) the proportional 

that alumina samples sintered in the electric kiln obtained higher density and lower porosity compared to the samples 
sintered in the hybrid-microwave kiln. The obtained values of the Meyer’s index n are less than 2 for alumina ceramics 
sintered by both sintering methods, which indicates that the hardness is dependent on the test load. High correlation 

PSR model was found to be nearer to the measured Vickers hardness of alumina samples regardless of the sintering 
method applied. Furthermore, it was found that the fracture toughness was higher for alumina ceramics sintered in 
the hybrid microwave kiln (MK-Al2O3) than the one sintered in the electric kiln (EK-Al2O3). In contrary, the brittleness 
index was found to be higher for alumina ceramics sintered in the electric kiln (EK-Al2O3) than in the hybrid microwave 
kiln (MK-Al2O3). Both Vickers hardness and brittleness index values might be correlated to the microstructure of the 

Keywords: alumina ceramics, sintering, mechanical properties.

1. Introduction

Each step of the ceramic production process: (i) the se-
lection of raw materials and additives, (ii) the forming 
of the green bodies, and (iii) the sintering process have 

an important impact on the microstructure, and thereby 
 

be conducted either by a conventional or non-conven-
tional sintering method. The main goal of the sintering 
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process is to achieve full densification of the material, 
with the density as near as the theoretical density values 
as possible. Also, the sintering process can be used to 
obtain porous materials with high surface area. In this 
case, full consolidation is not reached.

The sintering of ceramic materials is an energy-con-
suming process with high production costs. To optimize 
the sintering process, densification mechanisms can be 
modified to improve the microstructure and mechanical 
properties of the obtained sintered ceramic materials 
as well as to reduce the production time and costs [1]. 
Therefore, emerging new techniques of sintering, such 
as spark plasma and microwave sintering are continu-
ously being improved and applied. Microwave-assisted  
sintering, as one of the non-conventional sintering  
methods, was developed to reduce the energy consump-
tion, maintain or improve the characteristics of the  
resulting ceramics, as well as to reduce the production 
costs and lessen  environmental impact. With the micro-
wave sintering method, highly dense materials can be 
obtained by rapid (>400 °C/min) and volumetric heating 
without substantial grain broadening because the pro-
cessing times are considerably shorter than in conven-
tional sintering [2,3]. The difference between the con-
ventional and non-conventional sintering processes is in 
the heat transfer. Conventional sintering includes heat 
transfer via conduction from the outside to the inside 
of the sintered material, while the microwave heating 
process generates heat internally, i.e., within the sin-
tered material and is transmitted outwards (Figure 1). 
The conventional sintering is based on conventional heat 
transfer mechanisms: conduction, convection, and radi-
ation [3-5].

The interaction of microwaves with different materials 
depends on the electrical and magnetic properties of 
the material as well as on the grain size and porosity.  
Regarding these properties, materials can be classified 
as transparent (no energy transfer – low dielectric loss  
materials), opaque (no penetration into the material – 
bulk materials, conductors), and absorbent (absorption 
and exchange of energy – high dielectric loss materials), 
as shown in Figure 2.

Microwave sintering can be used for the preparation of  
different engineering materials: (i) ceramics, such as  
barium calcium zirconate titanate [7], magnesium alumi-
nate spinel [8], yttria-tetragonal zirconia [9], high density  
yttria and lanthana co-doped zirconia dioxide [10],   
magnesium oxide doped alumina [11], Al2O3–yttria-sta-
bilized ZrO2 [12], alumina [13], β-SiC [14], (ii) metals 
and alloys, such as Ti-3Cu alloys [15], stainless steel 316L 
(X2CrNiMo17-12-2) [16], Cu–Sn bronze [17], FeCuCo 
metallic matrix [18], (iii)  composites, for example Al2O3–
SiC ceramic composites [19], W-30Cu composites [20], 
zirconia nanocomposite powders doped with ceria and 
toughened with alumina [21], boronised Ti6Al4V/HA  
composite [22], etc.

Fig. 1. Heating patterns in: (A) conventional furnace and  
(B) microwave furnace [4,5].

Fig. 2. Schematic diagram illustrating the interactions of micro-
waves with: (A) transparent material (low loss insulator) – total 
penetration, (B) opaque material (conductor) – no penetration, 
(C) absorber (lossy insulator) – partial to total penetration, and 

(D) absorber (mixed) –matrix is transparent, but fibres, particles 
or additives in matrix are absorbing materials – partial to total 

penetration [6].

Mechanical properties of the ceramic materials are 
strongly influenced by the degree of densification. Hard-
ness, as one of the important mechanical properties of 
ceramic materials, represents material’s resistance to 
plastic deformation. For testing very hard materials, 
such as ceramics, it is commonly used Vickers (HV) or 
Knoop (HK) method, because their diamond pyramidal 
penetrators can leave visible indentations. The value of 
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Fig. 3. Schematic plot of hardness variation with test load,  
showing the indentation size effect (ISE) and reverse indentation 

size effect (RISE) [23,28].

In this research, the morphology and the mechanical 
properties (Vickers hardness, Vickers indentation fracture  
toughness, the indentation size effect (ISE) using Vickers  
method, and the brittleness index) of cold isostatically 
pressed Al2O3 samples sintered by conventional (elec-
tric) and non-conventional (hybrid microwave) tech-
niques were determined and compared. The observed 
ISE of alumina ceramics sintered in the electric and  
hybrid microwave kiln was analysed using the traditional  
Meyer’s law, the proportional specimen resistance (PSR) 
model, and the modified proportional specimen resist-
ance (MPSR) model.

Hybrid microwave heating was applied because the 
microwave-assisted sintered material distributes the 
temperature field more evenly, thus achieving a more 
uniform heating throughout the cross-section of the  
material (Figure 4) and, consequently avoiding the  
density gradient.

Due to this more uniform heating, alumina ceramics with 
a more homogeneous and fine-grained microstructure, 
and therefore improved final properties, can be obtained.

2. Materials and methods
High purity Al2O3 powder (Alteo, France) was used in 
this research as raw alumina powder for the prepara-
tion of alumina granules by spray drying. The chem-
ical composition of the raw alumina powder accord-
ing to manufacturer’s declaration is listed in Table 1.  
According to the results of the chemical composi-
tion analysis, raw Al2O3 powder has a high purity of  
99.83 wt. %. The presence of MgO as a sintering aid 
and the following impurities: CaO, Fe2O3, Na2O and 
SiO2 were also confirmed.

Table 1. Chemical composition of raw Al2O3 powder.

Sample
wt. %

CaO Fe2O3 MgO Na2O SiO2 Al2O3

Al2O3 
powder 0.0200 0.0180 0.0450 0.0500 0.0325 balance

Cold isostatic pressed (CIP) cylindrical pellets produced 
at Applied ceramics, Croatia, of high-purity Al2O3  
ceramics with a diameter of 10 mm and a height of  
20 mm were used in this research.

The cylindrical alumina pellets, used for the study of 
the conventional sintering method (samples “EK”), 
were sintered using an electric kiln (Nabertherm P310,  
Germany) at 1600 °C for 6 h. The second cylindrical 
pellet set (samples “MK”) were sintered by the non-con-
ventional sintering method in a hybrid microwave kiln 
(Over, Kerestinec, Croatia) at 1600 °C for 1 h. The  
sintering regimes were adopted according to the prelim-
inary results [31].

the applied load, used during the hardness testing, can 
influence the testing results [23]. The change in applied 
load causes changes in manifested (“apparent”) hard-
ness. The phenomenon when the hardness decreases 
with the increasing load (Meyer’s number n < 2, Figure 
3) is called normal indentation size effect (ISE) [24-28]. 
It is also possible that the material manifests an increase 
in hardness with increasing indentation load (Meyer’s 
number n > 2, Figure 3), which is known as reverse ISE 
(RISE) [23,28,29]. Figure 3 illustrates non-constant or 
load dependent hardness (“apparent” hardness), and 
constant hardness (“true” hardness or load-independent 
hardness), which usually occurs at higher indentation 
loads [23,28].

Fig. 4. Temperature distribution in ceramic material heated by: (A) conventional, (B) microwave,  
and (C) hybrid heating (Ts – surface temperature; TI – internal temperature) [5,30].
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The hybrid microwave kiln used a low-frequency  
(2.45 GHz) and 1.5 kW microwave magnetron. A silicon  
carbide susceptor was used to aid the heating of the  
sample in the microwave cavity.

The density of all sintered samples was determined  
according to the Archimedes’ method using analytical  
balance Ohaus AP250D (Ohaus, Florham Park, NJ, 
USA).

The morphology of the fracture surface of the samples 
sintered by both techniques was analysed by the scan-
ning electron microscope (SEM) TS5136LS (Tescan 
Vega, Brno, Czech Republic).

Prior to the measurements of Vickers hardness, the 
samples were prepared by the standard ceramographic 
technique [32]. Hardness tester Wilson Wolpert Tukon 
2100B (HV0.1 – HV1) (Instron, Grove City, PA, USA) 
and Vickers tester Zwick (HV3 and HV5) were used for 
hardness measurement. Diagonals were measured on 
the optical microscope Olympus BH (Olympus Imaging  
Corp., Tokyo, Japan) immediately after unloading. The 
Vickers hardness was measured 10 times per sample  
under the loads listed in Table 2 at room temperature. 

Table 2. Loads used for Vickers hardness testing.

F, N HV

0.9807 HV0.1

2.942 HV0.3

4.903 HV0.5

9.807 HV1

29.42 HV3

49.03 HV5

The Vickers hardness was calculated according to the 
following equation [28]:

            HV=    (1)

where F stands for the applied load (N), d (mm) is the 
mean value of the indentation diagonals (Equation 2) 
[28], while α is the indenter’s geometrical constant, i.e. 
0.1891 for the Vickers diamond pyramid.

            d=     (2)

Fracture toughness for alumina ceramics sintered by both 
sintering methods was determined by the Vickers inden-

tation fracture (VIF) or Vickers indentation crack length 
method. This method uses the Vickers indenter to make 
the hardness indentation on a polished ceramic sample 
surface. The indenter creates a plastically deformed area 
underneath the indenter as well as cracks that emanate 
radially outward and downward from the vertices of the 
Vickers indentation. 

Two types of cracks can occur: (i) radial-median cracks 
and (ii) Palmqvist cracks (Figure 5). A simple way 
to differentiate between the two types is to polish the  
surface layers away: the median crack system will  
always remain connected to the inverted pyramid of the 
indentation, while the Palmqvist cracks will become  
detached, as shown in Figure 5. 

α
d2
F

2
d1 + d2

A second way to distinguish the crack system present in 
the analysed material consists of the determination of c/a 
ratio (c is the crack length from the centre of the indent 
to the crack tip, and a is the half value of the indentation 
diagonal, Figure 5). If it is less than 2.5, then the material 
shows Palmqvist crack system, while for median cracks 
system values of c/a is higher than 2.5 [31]. The obtained 
values of c/a (for HV1) were 2.16 ± 0.26, and 1.81 ± 0.31 
for alumina ceramics sintered in the electric and hybrid 
microwave kiln, respectively. The obtained values of c/a 
indicate that Palmqvist crack was present in both alumi-
na ceramic samples. Therefore, three equations based on 
the Palmqvist crack were found to be applicable for the 
fracture toughness determination of the alumina ceramic 
samples (Table 3).

Fig. 5. Palmqvist and median crack system developed from the 
Vickers indents, before and after polishing [31].
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F, load applied during Vickers test (N); c, the crack length from 
the centre of the indentation to the crack tip (m); E, Young's  
modulus (GPa); HV, the Vickers hardness (GPa); l, the crack 
length measured from vertices of the indentation to the crack tip 
(m); a, half of the indentation diagonal (m).

3. Results and discussion
The SEM images of the microstructure of the ceramic 
fracture surface sintered by conventional (electric kiln) 
and non-conventional (hybrid microwave kiln) methods 
are shown in Figure 6.

Fig. 7. Dependence of measured Vickers hardness on applied 
load for alumina ceramics sintered in (A) electric kiln  

(EK-Al2O3) and (B) hybrid microwave kiln (MK-Al2O3).

To quantify the normal indentation size effect (ISE), 
three models were applied to the obtained data:  
Meyer’s law, the proportional specimen resistance (PSR) 
and the modified proportional specimen resistance 
(MPSR) model.

Meyer’s law gives the relation between the applied load, 
F, and the average value of the indentation diagonals, d, 
according to Equation 3 [35].

     F=K • dn    (3)

where n represents the Meyer’s number (index), and K is 
the standard hardness constant for a given material. The 

Table 3. Equations for the calculation of Vickers indentation frac-
ture toughness (KIC) values for Palmqvist crack type.

Fig. 6. SEM images of the fracture surface of Al2O3 ceramics  
sintered by (A) conventional (electric kiln) and  

(B) non-conventional (hybrid microwave kiln) sintering  
with the same magnification of 4500 times.

The most distinctive change was the grain size. Finer 
grain size was obtained for alumina samples sintered by 
the hybrid microwave kiln (non-conventional sintering 
method), where the process took less time and was more 
energy efficient.

The relative density of alumina ceramic sintered by  
conventional and non-conventional methods is 96.9 %  
± 0.5 % and 94.9 % ± 0.7 %, respectively.

The porosity of alumina ceramic sintered by conven-
tional and non-conventional methods is 3.1 % ± 0.5 % 
and 5.1 % ± 0.7 %, respectively.

The samples sintered in the electric kiln achieved a  
higher density and less porosity compared to the samples 
sintered in the hybrid-microwave kiln.

The value of Vickers hardness (HV) for different applied 
indentation load are presented in Figure 7.

The results show that the hardness decreases with the  
increasing indentation test load. The presented data 
on the dependence of the hardness on the applied load  
confirm the indentation size effect (ISE). The observed 
decrease in hardness with the increasing load is the  
normal ISE. All data shown in Figure are averages  
values of ten measurements.
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Fig. 8. Vickers hardness data for alumina ceramics sintered in 
(A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln 

(MK-Al2O3) according to Meyer’s law

Table 4. Results of Vickers hardness data analysis according to 
Meyer’s law for alumina ceramics sintered in the electric kiln 
(EK-Al2O3) and hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

n 1.7119 ± 0.0228 1.7313 ± 0.0332

log K 3.5272 ± 0.0361 3.5800 ± 0.0526

K (N∙mm−n) 2718 3619

R2 0.9997 0.9999

The proportional specimen resistance (PSR) model is a 
modification of the Meyer’s law [36], a modification that 
explains the relationship between the applied load, F, 

Fig. 9. Vickers hardness data for alumina ceramics sintered in 
(A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln  
(MK-Al2O3) according to proportional specimen resistance 

(PSR) model.

Modified proportional specimen resistance (MPSR) 
model is an expanded PSR model with an additional  
coefficient, a0 (N) related to the material properties and 
the quality of sample surface preparation. MPSR model 
is expressed by Equation 5 [28,37].

    F=a0 + a1 •  d + a2 • d2     (5)

The coefficients (a2, a1 and a0.) of the obtained curves  
are presented in Table 6 and shown in Figure 10. The 

Equation 3 coefficients can be obtained by linear regres-
sion analysis from the log F versus log d plots (Figure 
8), where the slope represents the Meyer’s index, while 
the intercept gives log K values. These coefficients are 
shown in Figure 8 and listed in Table 4.

and the indentation diagonal, d, considering the energy 
balance. PSR is described by Equation 4:

       F=a1 • d + a2 • d2    (4)

where a1 (N∙mm−1) is a constant related to the specimen 
resistance representing the energy used to create new  
surfaces or the energy used in friction and elastic  
deformations. Coefficient a2 (N∙mm−2) is a measure of 
the “true” hardness, meaning the hardness that is load 
independent and is related to permanent deformation 
[28,35]. These coefficients are shown in Figure 9 and 
listed in Table 5.
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coefficients obtained by polynomial regression analysis 
of the F versus d plot are presented in Table 6.

Table 5. Regression analysis results of experimental Vickers hard-
ness data, according to proportional specimen resistance (PSR) 
model for alumina ceramics sintered in the electric kiln (EK-
Al2O3), and hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

a1, N∙mm−1 83.7 ± 9.8872 69.9 ± 12.174

a2, N∙mm−2 6044 ± 262 6717 ± 220

R2 0.9925 0.9950

Table 6. Regression analysis results of experimental Vickers hard-
ness data according to the modified proportional specimen resis-
tance (MPSR) model for alumina ceramics sintered in (A) electric 
kiln (EK-Al2O3) and (B) hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

a0, N 0.058 ± 0.812 −0.019 ± 0.635

a1, N∙mm−1 87 ± 49 72 ± 38

a2, N∙mm−2 5963 ± 518 6691 ± 421

R2 0.999 0.999

The residual surface stress coefficients a0 reach relatively 
small values due to the careful grinding and polishing of 
the specimens.

“True” Vickers hardness HVT can be calculated accord-
ing to Equation 6 [28,37]:

                 HVT= α • a2   (6)

where α is the geometrical constant of the indenter 
(0.1891 for Vickers), and a2 is the coefficient of the PSR 
and MPSR models, related to the occurred permanent 
deformation. “True” Vickers hardness values of the sin-
tered Al2O3 ceramics in  the electric and hybrid micro-
wave kiln are summarized in Table 7.

Fig. 10. The Vickers hardness data for alumina ceramics sintered 
in (A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln 
(MK-Al2O3) according to the modified proportional specimen 

resistance (MPSR) model.

Table 7. “True” Vickers hardness values of alumina ceramics sin-
tered in the electric kiln (EK-Al2O3) and hybrid microwave kiln 
(MK-Al2O3), according to PSR and MPSR models.

Model
Sample

EK-Al2O3 MK-Al2O3

PSR 1143 1270

MPSR 1128 1265

The “true” values determined by PSR and MPSR  
models show  an 11 % to 12 % higher hardness of the 
samples sintered in the hybrid microwave kiln (MK-
Al2O3), compared to the samples sintered in the electric 
kiln (EK-Al2O3).

After measuring the alumina ceramics hardness by 
the Vickers indentation method, the lengths of cracks  
induced in the process were used to calculate the Vickers 
indentation fracture toughness (KIc) according to three 
chosen models (Table 3) for the Palmqvist crack type. 
The obtained results of the Vickers indentation fracture 
toughness for both alumina samples are presented in  
Figure 11.

Fig. 11. Comparison of Vickers indentation fracture  
toughness values for alumina ceramics sintered in the electric 
kiln (EK-Al2O3), and (B) hybrid microwave kiln (MK-Al2O3)  

for Palmqvist crack type.
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All applied models showed that the fracture toughness 
is higher for alumina ceramics sintered in the hybrid mi-
crowave kiln (MK-Al2O3) than in the electric kiln (EK-
Al2O3).

For both alumina samples, the brittleness index (Bi, 
μm−1/2) was calculated by the ratio of Vickers hard-
ness (HV1, GPa), and the Vickers indentation fracture 
toughness (KIC, MPa •m1/2) using the following equation 
[31,39]:

  Bi=      (7)

The calculated values of the brittleness index (Bi, μm−1/2) 
for both sintered samples are shown in Figure 12. All 
models showed that the value of brittleness index is 
higher for alumina ceramics sintered in the electric kiln  
(EK-Al2O3) than in the hybrid microwave kiln (MK-
Al2O3).

the electric kiln, and 1.7313 for the samples sintered in 
the hybrid microwave kiln, which also confirmed the  
normal indentation size effect.

- The samples sintered in the hybrid microwave kiln 
have a higher “true” Vickers hardness possibly due to 
the finer microstructure, compared to conventionally 
sintered alumina samples.

- The fracture toughness (KIC, MPa •m1/2) is higher for 
alumina ceramics sintered in the hybrid microwave 
kiln (MK-Al2O3) than in the electric kiln (EK-Al2O3).

- The brittleness index (Bi, μm−1/2) is higher for alumina 
ceramics sintered in the electric kiln (EK-Al2O3) than 
in the hybrid microwave kiln (MK-Al2O3).

- Both Vickers hardness and brittleness index values 
might be correlated to the microstructure of sintered 
samples.

- Non-conventionally sintered alumina samples have 
higher hardness and lower brittleness index probably 
due to the finer microstructure.
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