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Abstract

In the present study, densification, mechanical properties (elastic modulus, hardness, flexural strength) and
stored elastic energy-fragmentation of the pure Al,O; and Al,O;-Cr,0; ceramics with different Cr,0; volume
content (0.5, 1, 3, 5, 10 and 20vol.%) were investigated. The fragmentation behaviour was interpreted from
the point of armour application as larger fragments are required for higher penetration resistance. The equib-
iaxial flexural strength test method was used to measure the fracture strength values. A similar densification
behaviour was obtained for the pure Al,O; and the AlL,O;-Cr,0; ceramic specimens with 0.5, 10 and 20 vol. %
Cr,0; with the obtained relative densities of around 97 %TD. The elastic modulus of the pure Al,O; and
Al,04-Cr,0; ceramic specimens showed consistent values with the densification except for the Al,O;-Cr,0;
ceramics containing 20vol.% Cr,0;. All Al,O;-Cr,0; ceramics have lower flexural strength values than the
pure Al,O;. The pure Al,O; had the smallest crack surface area accompanying the largest fragment size for
given fracture energy. This indicates that the pure Al,O; will break into larger pieces in case of a possible
impact.
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I. Introduction ion concentrations as a result of the generated compres-
sive stress field that hinders the dislocation motion [6,8].
Also, Riu et al. [7] confirmed that a small amount of
Cr,0O; addition (~2 mol%) changed the morphology of
Al, O, grains into plate-like due to the high diffusion
rate of Cr ions through the surface of Al,O,. The frac-
ture toughness was increased by the plate-like grains
that generated the crack bridging toughening effect [7].

Cr,O; is not stable in high oxygen partial pres-
sure atmosphere. The evaporation of the composed Cr-
containing species (CrO;) prevents the densification

Chromia (Cr,0;) is one of the additives that have
the potential to improve physical properties of alumina
(Al,0,) ceramics for a variety of applications including
military and biomedical areas [1,2]. Al,O; and Cr,0,
form isovalent solid solutions over the full range of
compositions at high temperatures (7 > 1000 °C) as
Al,O; and Cr, O, are sesquioxides with the same corun-
dum crystal structure [3-5]. The substitution solid so-
lution of Cr** ions in the Al,O; lattice is formed dur-

ing the sintering stage through diffusion processes. It ¢ 1o ceramic body as a result of the vaporization-

is stated in various studies that localized cgmpressnﬁ: condensation mechanism during sintering [4,9]. Azhar
stresses could be generated around the substituted Cr et al. [2] showed that the addition of 0.2—1.0wt.%

ion because the radius of Cr** (0.076 nm) ions is larger
than the AI** ions (0.068 nm) [1,6,7]. A hardening ef-
fect is reported in several studies for appropriate Cr’*

Cr,0O; into Al,O; inhibited the densification after pres-
sureless sintering in air at 1600 °C for 4 h. However,
solid solution formation could help densification by en-
hancing mass transport if sufficient formed solutions oc-
cur without evaporation [10]. Consequently, the evapo-
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ration of Cr-containing species is suppressed, and the
densification process can be promoted.

Producing new composite systems and ceramics
with low-cost equipment and processing techniques is
a requirement to come through the insufficiency of
monolithic ceramics used in armour technology [11].
There are some studies about the physical properties
of the Al,0;-Cr,0O; ceramic system in the literature
[2,4,5,12]. However, investigation of the crack length-
stored energy relations by using elastic solutions to esti-
mate deflection for Al,0;-Cr,0; ceramic system com-
prising a wide volume range of Cr,O; additive was
the motivation for this study. In their previous work,
Kafkashoglu Yildiz et al. [8] studied the effect of Cr,04
addition on the mechanical properties of the pure Al,O;,
but they reported results for only three different volume
ratios of Cr,05 (0.5, 1, 5vol.%) and sub-micron sized
(~200 nm) Cr,O; powder was used in the process.

In the present paper, the effects of six different Cr, O,
volume contents (0.5, 1, 3, 5, 10 and 20vol.%) on
the microstructure, elastic modulus, hardness, flexural
strength and fragmentation behaviour after equibiaxial
bending loading of the pure Al,O; were investigated.
The results obtained were interpreted for the use of
the produced samples as a ceramic armour component
especially in terms of fragmentation-elastic stored en-
ergy under equibiaxial bending loading. The equibiax-
ial flexural strength test could be utilized to analyse the
fracture behaviour of a ceramic armour material ow-
ing to the similarity of fracture deformation after the
ballistic impact [13]. The equibiaxial flexure strength
test was used to investigate the stored elastic energy-
fragmentation correlation of the Al,0;-Cr,0; ceramic
system with increasing Cr,O; content by considering
the similar fracture deformation behaviour. As the high
flexural strength is important for the structural integrity
of a ceramic material, the study route was built on this
mechanical property.

II. Experimental

The precursors used in processing of the Al,O;-
Cr,0; samples included a-Al,O5 (dsp = 0.5pm, dgo
= 2.0um, 99.8% purity, Almatis Alumina CT3000 LS
SG, Germany) and Cr,O, powder (D, = 0.75pum,
D,ps=1.46um, D, 9 = 5.0 um 99% purity, Nanografi,
Turkey). In addition, PVA, poly(vinyl alcohol) as the
binder (Sigma Aldrich), glycerol as the plasticizer
(Sigma Aldrich) and polyacrylic acid as the dispersant
(Darvan 821A, MSE Tech Co. Ltd, Turkey) were used.
Content of Cr,O, powder corresponding to 0.5, 1, 3, 5,
10 and 20vol.% and polyacrylic acid were mixed for
each ratio with the pure Al,O; in distilled water by ball
milling for 24h using Al,O; balls. Following the ball
milling process, 2 wt.% binder solution (PVA + glyc-
erol) was mixed with the prepared slurry and then dried
on a hot plate below 90 °C. The powder was crushed
in an agate mortar and sieved to 90 um before pressing.
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Disc form specimens were prepared in a 35 mm diame-
ter steel mould by uniaxial pressing at 40 MPa follow-
ing 200 MPa cold isostatic pressing. The green Al,O,-
Cr,0; compacts were sintered at 1575°C/2h in 90%
Ar + 10% H, atmosphere in a tube furnace. Also, the
pure Al,O, specimens were produced under the same
conditions and sintered in air at 1550°C/2h with the
same heating regime. The sintering temperatures of the
pure Al,O; and Al,O,-Cr, 0, ceramics were tried to ad-
just for obtaining similar densification ratios. The pro-
duction parameters (CIP pressure, sintering atmosphere
etc.) were determined according to previous studies and
the sintering temperature for the Al,0,-Cr,0, ceramic
samples was increased by 25 °C since high densities
could not be obtained although finer Cr,O, powder size
was used in the previous study [4,8].

In their previous work, Kafkaslhioglu Yildiz et al. [8]
studied the Al,O;-Cr, O, ceramic samples with 0.5, 1 and
5vol.% Cr,O, produced by using finer @-Al,O, powder
(D = 0.25pm) and Cr,O; powders (D = 200nm), and
polypropylene carbonate binder. Those specimens were
sintered at 1550°C/2h in 90% Ar + 10% H,. In the
present study, starting powders particle sizes, binder sys-
tem and sintering temperature were changed in addition
to high Cr,O; content investigations. After sintering, all
the specimens were ground by using a lapping machine
with SiC abrasive powders (17 um and 9 um average par-
ticle size) to equalize the thickness of the disc formed
specimens with nearly +0.05 mm tolerance for more ac-
curate elastic modulus and strength measurements. The
final dimensions of the specimens were 28.3 mm in diam-
eter and 2.30 mm in thickness with slight differences up
to the composition. Following the lapping, the specimen
surfaces were polished finally with a diamond solution
for the hardness tests.

The bulk densities of the specimens were calculated
through the measurement of macroscopic dimensions
and weight. To compare the densification behaviour
of the Al,0,;-Cr,0, ceramic specimens with the pure
Al,O; and estimate the relative densities, theoretical
densities of the compositions were determined accord-
ing to the rule of mixtures even though it was not identi-
fied how much solid solution and evaporation occurred.
The phase composition and crystalline structure of the
specimens were analysed by X-ray diffraction method
(Bruker® D8 Advance diffractometer) at a scanning rate
of 4 °/min from 10° to 80°. Also, the highest intensity
diffraction peak of the (104) crystal plane was examined
at a scanning rate of 0.1 °/min from 34° to 36° to inter-
pret the solid solution formation. The microstructure of
thermally etched (for the pure Al,O; at 1450°C/2h in
air, for the Al,04-Cr,O; ceramics at 1475 °C/2h in 90%
Ar + 10% H,) specimens and fracture surfaces were ex-
amined by scanning electron microscopy SEM (Philips
XL 30 SFEG and TESCAN Mira3 XMU, Brno, Czech
Republic). The linear intercept method was used to mea-
sure the grain size of the pure Al,O; and Al,0,-Cr,0,
ceramic specimens for all Cr,O, volume ratios.



B. Kafkaslioglu Yildiz & Y.K. Tiir / Processing and Application of Ceramics 16 [4] (2022) 351-357

20005 | L [ B S
10 Cry03 | l | | 1 L "
g 5Cra05 | |, [ S .
% 3Cr203 | 1 1 l 11 u | .
g 1Cr203 | L4 l L 1L .
0.5Cr205 | L L i .
Al203 l | L 1 .
10 20 30 40 50 60 70 80
26 (°)

Figure 1. XRD patterns of the pure Al,O; and Al,0;-Cr,0; ceramics after sintering with different Cr,0; volume ratios

The elastic modulus measurements were performed
consistent with an impulse excitation technique and
ASTM E 1876 standard for disc-formed specimens in
the GrindoSonic® MKS device. After the elastic mod-
ulus tests, the same ground and polished specimens
were tested by using a monotonic equibiaxial flexu-
ral strength test (ring on ring) configuration with an
Instron® 5569 tension/compression testing machine ac-
cording to ASTM C 1499 standard to measure the frac-
ture strength values and ten specimens were tested for
each composition. The displacement rate was set as
0.3 mm/min and the diameters of the support ring and
load ring were 23.9 mm and 9.8 mm, respectively. The
specimens were photographed after the fracture strength
tests to calculate the total crack lengths with ImageJ, im-
age analysis software. For each specimen, the total mea-
sured crack length and specimen thickness were multi-
plied to find the total crack surface area values. Finally,
hardness measurements were carried out on the broken
pieces of the specimens by the Vickers indentation tech-
nique with an Instron® Wolpert Testor 2100 device un-
der a Skg load.

II1I. Results and discussion

X-ray diffraction patterns of the pure Al,O, and
Al,0;-Cr,0, ceramic samples are given in Fig. 1. No
new compound was identified after Cr,O, addition and
solid solution formed due to the same corundum crys-
tal structure of Al,O; and Cr,0, ceramics. All XRD
peaks belong only to the corundum structure as ex-
pected. Since the radius of the chromium ion (0.076 nm)
is larger than the radius of aluminium ion (0.068 nm),
the incorporation of Cr** ions in Al,O; will increase
the lattice dimensions. Consequently, the angle of X-ray
diffraction peaks decreases consistently with Bragg’s
law [14,15]. The magnified XRD peak (corresponding
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Figure 2. Change of XRD peaks between 34°-36° with
increasing Cr,0; volume ratio

to the (104) plane) in the range from 34° to 36° (Fig. 2)
confirms the shift to the lower angles with an increas-
ing Cr,0; volume ratio that is more prominent for the
sample with 20 vol.% Cr, O,. This confirms the incorpo-
ration of Cr** in the structure and formation of Al,O,-
Cr,0O; solid solution [14].

All the measured physical and mechanical proper-
ties of the pure Al,O, and Al,0,-Cr,0, ceramic spec-
imens are given in Table 1 (notation of the Al,O;-
Cr,O; samples was abbreviated according to their
Cr,0; content). High density (around 97 %TD) was ob-
tained for the pure Al,O; and the Al,0,;-Cr,05 ce-
ramic specimens with 0.5, 10 and 20 vol.% Cr,O,. Even
though the Al,0,-Cr,0; ceramic specimens were sin-
tered at a higher temperature than the pure Al,O;, the
densification was insufficient. Cr,0; is susceptible to
evaporation at very low oxygen partial pressures and
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Table 1. The measured physical and mechanical properties of the pure Al,O; and Al,O;-Cr,0; ceramics

Material Relative Elastic Grain size ~ Hardness Flexural Weibull Weibull
density [%] modulus [GPa] [um] [GPa] strength [MPa] modulus strength [MPa]
Al, O, 97.3+0.8 380+ 4 1.04 19.50 + 1.0 350+ 30 15 362
0.5Cr,0, 97.0+04 373+3 2.66 17.53+ 1.1 322 +28 14 334
1Cr,0, 948x1.0 347+ 6 3.08 17.52+0.9 296 + 30 15 308
3Cr,0, 944+20 349 + 12 4.38 17.36 £ 0.2 298 + 31 13 310
5Cr,0; 954+20 361+ 19 3.60 1691 +0.9 278 £ 63 7 300
10Cr,0; 97.6+0.9 373+ 8 4.43 16.65+ 0.6 269 + 77 4 296
20Cr,0, 97.0+0.6 359+ 7 5.00 16.41 + 1.0 288 +50 8 307
the pure Al,O; was 25 °C lower than the Al,0;-Cr,0,
390 ceramics, the smaller size of the Al,O grain could be
S5 % expected. However, similar and lower densification of
the Al,05-Cr,0; ceramic specimens do not affect the
3704 i } grain growth tendency. While a solid solution formed,
= the presence of Cr’* ions brought an increase in the
% 360~ ) { growth rate of Al,O, grains due to the coherency strain
i energy at the grain boundary [7]. It is stated that a chem-
507 + ically induced grain boundary migration can happen in
— solid solutions if there is grain boundary mobility at a
high enough temperature [16]. Rapid migration of grain
3304 boundaries through coherency strain energy results in
changes in the microstructure such as the formation of
320 T T T T J plate-like grains [7].
0 5Cr203 cc:r?ten t (% )15 20 Figure 5 shows the flexural strength of the pure Al,O,

Figure 3. Elastic modulus values of the pure Al,O; and the
Al 0;-Cr,0; ceramics with different Cr,0, content

the evaporation-condensation sintering mechanism of
Cr,O; hinders obtaining of dense bodies. In addition,
solid solution formation could consume extra heat en-
ergy that leads to ceramics with low densification af-
ter sintering [3]. These conditions were valid, espe-
cially with moderate (1, 3 and 5%) Cr,0O; volume con-
tent. Conversely, solid solution formation could enhance
mass transport, and this was valid for the Al,0,-Cr,0,
ceramic system with high Cr,O, content to some extent.
The correlation of elastic modulus with Cr,O5 content
is given in Fig. 3. The elastic modulus of the pure Al,O,
and Al,O,-Cr,O, ceramic specimens showed consistent
values with the densification (i.e. lower relative density
results in lower elastic modulus) except for the Al,O,-
Cr,0O; ceramics containing 20 vol.% of Cr,O;. The elas-
tic modulus of Cr, O, is about 280 GPa, so higher Cr, 0O,
content also affected the modulus value negatively.
Figure 4 shows the SEM micrographs of the ther-
mally etched pure Al,O, and the Al,O;-Cr,0O, ceramic
samples. There is no evidence of impurity phase and the
solvated Cr,O; additive could not be distinguished sep-
arately as all dark grains belong to the corundum phase.
The average grain sizes of the compositions, measured
by the linear intercept method, are given in Table 1.
The growth of Al,O, grains was apparent for all com-
positions containing Cr,O, additive, especially for the
sample containing 20vol.% Cr,0, having the average
grain size of ~5 um. Since the sintering temperature of
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and Al,05-Cr,0O; ceramics. In addition, Weibull plots
of the obtained samples are shown in Fig. 6 and Weibull
modulus and Weibull strength data are presented in Ta-
ble 1. All Al,0,-Cr,0O; ceramics have lower flexural
strength values than the pure Al,O, even for the sam-
ples with density similar to that of the pure Al,O;. The
decrease in strength can be attributed to the increase in
grain size for the Cr,O; containing ceramics. According
to Tuan et al. [17], the strength of ceramic material is in-
versely proportional to the flaw size. The lower strength
values for the Al,O,-Cr,O, ceramics are related to the
larger flaw size due to lower densification. Weibull mod-
ulus, m, is a measure of the scatter in strength values
and higher m values point to more homogeneous spec-
imens [18]. Higher amount of Cr,O; (i.e. 5, 10 and
20vol.%) adversely affected the homogeneity of mate-
rials independent of densification. The highest charac-
teristic strength and the most consistent strength values
were obtained for the pure Al,Oj;.

Figure 7 illustrates the fracture surfaces’ SEM mi-
crographs of the pure Al,O, and Al,0,-Cr,0; ceramic
samples after the equibiaxial flexural strength test (the
transgranular regions are circled and the intergranular
regions are indicated by arrows). The pure Al,O; has
mainly intergranular fracture mode with some areas that
have cleavage fracture behaviour. Although there are
slight differences depending on where the image was
taken, the fracture mode changed from intergranular to
mostly transgranular with some intergranular areas after
the Cr,0; addition. The energy required for transgran-
ular fracture is higher than the energy needed for in-
tergranular [19]. Thus, the fracture mode change points
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Figure 4. Thermally etched SEM micrographs of pure Al,O; (a) and samples with: b) 0.5, ¢) 1, d) 3, ¢) 5, f) 10
and g) 20 vol.% Cr,0;
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Figure 5. Flexural strength as a function of Cr,0; content

to the increase in the strength of the ceramic material
in general. However, low densification rates and large
porosities caused low flexural strength values for the
Al,04-Cr, O, ceramics through fracture mode change.
Besides the elastic modulus and flexural strength,
hardness is also adversely affected by high porosity.
Vickers hardness values of the pure Al,O; and AlL,O,-
Cr,0; ceramics are shown in Table 1. Although, the
0.5, 10 and 20vol.% Cr,0O; containing Al,0;-Cr,0,
samples have similar densification with the pure Al,O;,
their hardness values were lower than the pure Al,O,
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Figure 6. Weibull plots of the compositions with different
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indicating the existence of large porosities in the Cr,0,
containing specimens.

In a ballistic impact occurrence on the front of a ce-
ramic armour material, fracture into larger fragments is
essential due to larger fractured pieces being a harder
barrier on the way of the striking penetrator. This re-
sults in more abrasion and higher resistance for multi-
hit capability [20]. Therefore, the size of broken pieces,
i.e. the fragmentation mode has great importance for ce-
ramic armour performance. Figure 8 shows the relation-
ship between the stored elastic energy (J) and the to-
tal crack surface area (mm?) with the linear fit lines for
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Figure 7. Fracture surfaces SEM micrograph of pure Al,O; (a) and samples with: b) 0.5,¢) 1, d) 3, ¢) 5, f) 10
and g) 20 vol. % Cr,0,
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Figure 8. The total crack surface area dependence on the
stored energy for the pure Al,O; and
the Al,0;-Cr,0; ceramics

the pure Al,O5 and Al,05-Cr, 054 ceramics. The linear
fit lines were adjusted for passing through the origin,
i.e. zero crack surface area at zero stored energy. It can
be seen that the crack surface area is directly propor-
tional to the stored energy even though there is an ex-
tensive scatter for both the stored energy and the total
crack surface area in all the compositions. Deformation
is elastic for a ceramic material in quasi-static bending
conditions; so, the stored elastic energy is equivalent to
the work done by the load. The work done by the load
can be calculated from the area (W = 1/2FA) below
the linear load-displacement (F-A) curve [21]. The dis-
placement of the disc formed specimen during an equib-
iaxial flexural strength test can be predicted by using
the symmetric flexure of circular plates’ solutions. At
the radius equal to the loading ring, the displacement
of the concentrically loaded simply supported plate can
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be calculated with the equations given by Timoshenko
[22]. As it can be seen in Fig. 8, the pure Al,O, has
the lowest linear fit line slope. However, 5, 10 and
20 vol.% Cr, 05 containing Al,O,-Cr,0O5 ceramic spec-
imens have nearly the same highest slope. The 0.5, 1
and 3 vol.% Cr,0, containing specimens’ slope lay in
between. The lowest slope means that the pure Al,O,
would have the smallest total crack surface area accom-
panying the largest fragment size for given fracture en-
ergy between all the ceramics. High flexural strength
values resulted in a large fragmentation size for the pure
Al,O; specimens.

IV. Conclusions

The Al,0;-Cr,0O, ceramics with different Cr,O; con-
tent (0.5, 1, 3, 5, 10 and 20 vol.%) were produced by
pressureless sintering in 10% H,/90% Ar at 1575 °C/2h
to investigate the effects of Cr,O; on the microstruc-
ture, mechanical properties and especially fragmenta-
tion behaviour of the pure Al,O, that was sintered in
air at 1550°C/2 h. The stored elastic energy-total crack
surface area relation was used to evaluate the possible
fragmentation behaviour of the produced ceramics un-
der impact. Relative density of around 97 %TD was ob-
tained for the pure Al,O; and Al,05;-Cr,0; ceramics
with 0.5, 10 and 20 vol.% Cr, O, content. However, den-
sities of the 1, 3 and 5vol.% Cr,0, containing speci-
mens were lower. The elastic modulus of the pure Al,O,4
and Al,0;-Cr,0; specimens showed consistent values
with the densification except for the Al,O,-Cr,O, con-
taining 20 vol.% Cr,O;. Although, the 0.5, 10, 20 vol.%
Cr,0; containing Al,O,-Cr,0; have similar densifica-
tion to the pure Al,O,, their hardness values were lower
than that of the pure Al,O,. In addition, all Al,O,-
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Cr,0; ceramics have lower flexural strength values than
the pure Al,O; and low densification rates with large
porosities caused low flexural strength for the Al,O;-
Cr,0, ceramics though fracture mode changed. For a
given stored energy, the pure Al,O, would have the
smallest total crack surface concomitant to the largest
fragment size among all the compositions. The expected
strength improvement and fracture behaviour could not
be obtained from the Al,0;-Cr,0O; ceramics sintered
in Hy/Ar atmosphere for 1575°C/2h prepared with
presently used Cr,O; powder size.
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