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ABSTRACT

Materials for structure-based aerospace applications are on high demand throughout the
globe. Owing to its high strength to weight ratio and high stiffness, composites are po-
tential candidates in aerospace, turbine and military applications. This paper concentrates
on the impact behaviour of two nanoceramic composites - yttria stabilized zirconia (YSZ)
and aluminium oxide (Al,05) reinforced with multi-walled carbon nanotubes (MWCNTS)
prepared via vacuum hot-pressing at 1600 °C with a pressure of 30 MPa at varying MWCNTSs
contents (1, 3 & 5 wt.%). The composite tiles were examined for impact behaviour using gas
gun at different velocities (50, 100 & 200 ms~%). The results indicated that composites with
1 wt% MWCNTs reinforced YSZ demonstrated lower penetration compared to other
composites owing to its higher interfacial bonding between MWCNTs and YSZ. On the
other hand, alumina reinforced MWCNTSs showcased a higher depth of penetration due to
weak van der Waals force of attraction between MWCNTs and alumina. The reinforcement
of CNTs up to 3 wt.% worked as threshold for improvement in impact behaviour for ce-
ramics whereas penetration values increase with increase of MWCNTSs.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Engineering ceramics and its composites play an essential role
in structural and high temperature applications with potential
utilisation in aerospace, manufacturing and military sectors
owing to their excellent thermal and corrosion resistance, and
their unique optical and electrical properties compared to
metallic materials [1,2]. Regardless of its superior properties
such as enhanced thermal and chemical stability with lower
density, use of ceramics in structural applications are limited
due to their brittle behaviour [3,4]. Among various advanced
ceramics, alumina and zirconia have been the most popular
and are being utilized in various engineering applications due
to their excellent physical and thermo-mechanical properties
making them exceptional candidates for barrier coatings,
water filtrations and other aerospace applications [5—7]. For
the past few decades, there have been significant research
towards improving the thermal and mechanical properties of
alumina by reinforcing them with different ceramics
including zirconia, mullite and silicon carbide [8—10]. Zirco-
nia, also a premier biomaterial, have also been studied with
reinforcement of different ceramics to improve its mechanical
properties in biomedical applications [11,12]. For example,
Orange et al. reported that zirconia/mullite composite pre-
pared through dispersion of zirconia particles improved the
fracture toughness upto ~5.25 MPa m°® making them a
favourable candidate for orthopaedic load-bearing applica-
tions [13].

Over the past few decades, metal and alloys like high
hardness steel have been the go-to material when it comes to
aerospace applications and other structural applications [14].
However, main disadvantage of materials like these are the
heavy weight it possesses, which is a threat especially to the
transportation industries as it directly links to high con-
sumption of fuel. Also, metal production alone consumes
around 10% of all global energy, making it a significant driver
of climate change and other concerns about sustainability
[1,15]. This increased the demand for lightweight materials
industry wide have created plenty of opportunities for alter-
native material research with lower density and higher
strength [15,16]. Hence, due to the superior properties of ce-
ramics and the capability to honour structural integrity at
myriad of conditions, they have become key materials for
research towards lightweight applications. However, low
fracture toughness of ceramics makes them susceptible to
fracture when subjected to higher stresses. Thus, requirement
for reinforcement led to the genesis of composites. Although
various reinforcements have supported to enhance the frac-
ture toughness of ceramics, there is still a huge need for
improvement as there have been contradictions on the
properties of the impact behaviour of the ceramic composites
on micro-materials scale [17-19]. Therefore, many re-
searchers have moved towards new approach of reinforcing
nano-scaled materials such as graphene and carbon nano-
tubes (CNTs) as well as boron nanotubes into ceramic matrix
systems which have proven to be some of the most appro-
priate reinforcements for nanocomposites [20—24]. Previous
reports on reinforcing MWCNTSs with SiC and YSZ for barrier
coatings resulted in increased mechanical and thermal

properties of ceramic composites up to certain threshold
limits [2,22,25]. This study will focus on impact performance
of hot-pressed multi-walled carbon nanotubes (MWCNTS)
reinforced YSZ and Al,O3 at varying percentage (1, 3 & 5 wt.%)
prepared via improvised colloidal route and fabricated
through hot pressing in vacuum environment.

2. Materials and methods
2.1. Materials

Commercially available aluminium oxide (Al,03) with particle
size of ~20—30 nm and purity over ~99% were attained from
SRL Pvt. Ltd., Chennai and 3% yttria stabilized zirconia (YSZ)
was attained from MK industries, Canada with purity of ~99%
and ~50 nm particle size. The MWCNTs was synthesised
through thermo-catalytic chemical vapour deposition (TC-
CVD) with purity ~97% and size ranging from 20 to 30 nm as
reported in our previous work [26]. The microstructural of
prepared MWCNTs is illustrated in Fig. 1.

2.2. Powder preparation & fabrication

Improvised colloidal route was utilized to prepare nano-
composites of Al,O3 and YSZ reinforced with synthesised
MWCNTSs as reported in our previous studies [22,25]. The
MWCNTs were dispersed into a liquid mixture of 3:2 ethanol
and water medium with a dispersing agent 0.5 wt.% sodium
hexametaphosphate and ultrasonicated using a probe-
ultrasonicator (PR600MP) at 50 KHz frequency for 20 min.
The attained solution was vigorously stirred using a magnetic
stirrer while ceramic nanoparticles were introduced and then
ball milled with help of agate balls and container at 300 rpm
for 5 h with 5 min rest every 30 min. The milled semi-solid
solution was dried using rotary evaporator for 12 h at 100 °C
and attained powder was crushed and sieved. The prepared
composites powders were pressed into composite tiles of
100 mm x 100 mm x t (where t =5, 7.5 & 10 mm) using vacuum
hot-press technique at 1600 °C with heating rate of 200 °C/min
under the pressure of 30 MPa with argon as inert gas and
cooling rate of 100 °C/min as illustrated in Fig. 2. The dwell
time of the composites prepared were dependent on the

Fig. 1 — SE microstructure of MWCNTs cluster prepared via
TCCVD technique.
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Fig. 2 — Temperature profile of ceramics and composites tiles through vacuum hot-pressing technique in vacuum

environment in presence of Ar atmosphere.

densification cycle of the composites. The composition of
prepared composites tiles is provided in Table 1.

2.3. Characterisation & testing method

The hot-pressed samples were characterized through scan-
ning electron microscopy (Zeiss Supra 55) along with simul-
taneous quantitative analysis (EDS). For SEM studies, samples
were coated with Au/Pt nanoparticles through sputter coating
upto ~10 nm thickness. The relative density of the composites
was measured through Archimedes technique with water as
an immersive medium. An average of three composites rela-
tive density was measure and reported. Also, impact study
which was carried out using pneumatic piston operated gas
gun at different velocities (50, 100 & 200 ms™?). The penetra-
tion bullets were made by stir casting technique using Tita-
nium alloy and further heat-treating the composites to attain
a bullet of weight of 5.2 g and diameter of 7.62 mm. The
penetration bullet was cast with a hemispherical nose and
with a total length of 18.50 mm. The composite tiles were

Table 1 — Composition of composite tiles with respect to
MWCNTSs content.

Ceramics Composites Ceramic MWCNTSs
Nomenclature  Percentage percentage
(Wt.%) (Wt.%)

ALOs ACO 100 0

AC1 99 1

AC3 97 3

AC5 95 5
YSZ YCO 100 0

YC1 99 1

YC3 97 3

YC5 95 5

supported using a hard steel frame and an aluminium alloy
based back plate.

3. Results and discussion
3.1. Densification behaviour

The relative density of Al,0; and YSZ ceramics and its com-
posites tiles with respect to MWCNTSs content is illustrated in
Fig. 3. The relative density of alumina ceramic tiles was over
~99% whereas with increase in MWCNTSs content, the relative
density reduced to ~94%. Likewise, YSZ showed a density of
99% for monolithic, which also dropped to ~96% with increase
in MWCNTs content. The higher densities of the composites
(>90%) could be due to joule's heating attained from the hot
pressing of the ceramics and MWCNTSs particles. The higher
thermal conductivity of MWCNTSs supported in enhancing the
joule's heating between the particles leading to higher density.
From Fig. 2, it could be observed that relative densities
decreased with increase in MWCNTs content which was
similar to previously reported research on spark plasma sin-
tered SiC and YSZ composites [22,25]. This decrease in relative
density could be attributed towards agglomeration of the
CNTs which could have led to an increase in the open pore
networks, resulting in the drop in densities. This formation of
agglomeration throughout the samples could have led to a
reduction in joule heating between the nanoparticles by
providing low resistance during sintering [27]. The relative
densities of alumina composites demonstrated more degra-
dation compared to YSZ and its composites, owing to its
pinning effects of MWCNTSs which inhibits grain growth and
restricting densification however, the higher stability of YSZ
makes it hard to pin the grain growth [28].
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Fig. 3 — Relative Densities of nanocomposites with respect
to MWCNTSs content.

Scanning electron morphology of Al,03; and YSZ ceramic
tiles reinforced with 1 wt.% MWCNTs is illustrated in Fig. 4.
From Fig. 4(a), it is visible that surface of alumina reinforced
with 1 wt.% indicated fine distribution of alumina throughout
the surface with small particles agglomeration on the sur-
faces. This agglomeration on the surface is due to MWCNTs
while sintering. Elemental distribution (EDS) on the surfaces

of agglomeration area revealed traces of carbon content
(0.74%) along with aluminium (49.43%) and oxygen (47.4%),
indicating alumina traces. The mixed traces of Al, O and C
support the homogenous mixing on the MWCNTSs and Al,Os.
The closer observation (Fig. 4(a) - Right) showcases small
pores on the surfaces which could have been the result of drop
in relative density. The surface morphology of AC1 exhibits
closed and open pores with closely packed particles support-
ing high interfacing bonding on the surfaces of the material.
On the other hand, YC1(Fig. 4(b)) showcases plenty of open
pores throughout the surfaces. Even with many open pores,
the YC1 showcased a higher relative density owing to the
homogeneous distribution and strong van der Waals force of
attraction among CNTs which holds the YSZ and MWCNTs in
place [3].

The EDS on the region closer to the open pores showcased
traces of carbon which were embedded onto the YSZ particles.
Further surface morphology of YSZ showed larger grain size
which were determined to be about ~38 nm through linear
interpretation technique using ImageJ software, which was
higher than that of alumina (~17 nm). The reduction in the
grain size could have been due to the ball milling process with
agate balls which could have reduced the size of particles. The
porosity of the composites was also calculated and reported in
Table 2 which were determined through line intercept

Fig. 4 — Scanning electron microscopic observation of (a) Al,O; reinforced 1 wt% MWCNTSs and (b) YSZ reinforced 1 wt%

MWCNTs.
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Table 2 — Porosity of ceramics and nanocomposites
calculated through linear intercept technique.

Composites Largest Largest Porosity  Analysed
Labels void span void area (%) average
(nm) (nm?) particle size
(nm)
ACO 4.22 44.26 0.49 17
AC1 4.98 49.37 1.28 16
AC3 5.29 54.67 2.63 16
ACS5 5.96 60.42 3.95 16
ACO 3.16 28.95 0.38 38
YC1 3.76 30.26 0.82 36
YC3 4.10 33.95 1.46 37
YC5 4.76 38.43 2.98 38

technique. It can be observed that with increase in the
MWCNTSs content, there was an extensive increase in porosity
value throughout the composite. This could have been due to
the reduction in the particle size which inhibited the van der

Waals attraction force of the CNTs. The elemental distribution
of 3 wt.% MWCNTs reinforced alumina and YSZ is illustrated
in Fig. 5 showcased homogenous distribution of carbon ele-
ments onto the surfaces of YSZ and alumina. The presence of
yttria in Fig. 5(a) supports the case of stabilisation of ZrO,
through 3 mol% of yttria and presence of carbon traces sup-
ports the MWCNTSs reincorporation on the matrix. Likewise,
traces of the carbon in alumina composite also supported
MWCNTSs reinforcement.

3.2 Effect of composite tile thickness

The monolithic ceramics and its nanocomposites tiles were
evaluated for their mass efficiency (E,,) according to their
thickness. Mass efficiency (En,) was calculated based on Eq. (1)
where pa and pc are densities of aluminium alloy block and
composites, t. is thickness of tiles and P, represents the depth
of penetration at different ranges and P, represents the re-
sidual DOP of the backing plates respectively. The Eq. (1)
supports the semi-infinite target configuration owing to the
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Fig. 5 — Elemental distribution plots of 3 wt% MWCNTS reincorporated (a)YSZ and (b)alumina composites.
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thin composite tile thickness and the utilisation of backing
plate made from heat treated aluminium alloy block [29].
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Fig. 7 — Depth of penetration at velocity of 50 ms~* with
respect to MWCNTSs content (wt.%).

Fig. 6 plots the calculated mass efficiency with respect to
thickness of monolithic ceramic and composite tiles. From the
plot, it is visible that mass efficiency of the monolithic ce-
ramics and its composites enhances with respect to thickness.
Likewise, composites also indicated enhancement in the
thickness with certain MWCNTSs reinforcements content. The
monolithic alumina showed a mass efficiency of ~0.84 which
increased up to ~1.98 with increase in thickness. These values
are slightly higher than previously reported data where
alumina were produced using rapid prototyping [29].

This could have been due to the higher relative density of
monolithic alumina which was fabricated through vacuum
hot-pressing technique. Alumina reinforced ceramic nano-
composites indicated enhanced mass efficiency compared to
monolithic alumina by ~7% for 1 wt.% MWCNTSs and ~12% for
3 wt.% MWCNTs. This increase was in relationship with
enhancement in the fracture toughness behaviour of the
CNTs reinforced alumina composites where the fracture
bridging and fiber pull-out mechanisms were operational.
Further, when load was applied on the surfaces, CNTs
untangled from their spring structure which enhances the
pull-out mechanism between CNTs and ceramics particles
enhancing its already high fracture toughness [3]. However,


https://doi.org/10.1016/j.jmrt.2023.04.199
https://doi.org/10.1016/j.jmrt.2023.04.199

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:6595—-6603

6601

Table 3 — Depth of penetration on composites of 10 mm
tile thickness at 100 and 200 m/s.

MWCNTSs Content (wt.%) Alumina Zirconia
Impact Velocity 100 m/s 200 m/s 100 m/s 200 m/s
0 5.96 7.89 4.18 7.05

1 4.16 8.65 3.98 6.49

3 6.25 9.86 5.86 8.94

5 8.2 - 7.27 -

ACS5 showed the least mass efficiency compared to other
alumina and its composites. This could be due to the high
number of open pores throughout the surfaces of composites.
However, YSZ and its CNT reinforced composites indicated
higher mass efficiency compared to the alumina owing to
their structural stability due to enhanced fracture mecha-
nisms [30]. Further, YSZ nanocomposites showcased the same
trend of gain in mass efficiency until 3 wt.% MWCNTs which
further reduced with further increase in MWCNTSs content.
Although, unlike alumina composites, values of YSZ indicated
close values to monolithic YSZ compared to alumina. The
higher amount of MWCNTSs content led to agglomeration on
the composites leading to high number of pores which reduce
the hardness and fracture toughness of composites, leading to
failure [25].

l Direction of Impact

7.62mm
5.86 mm I %—

YC3 - YSZ + 3 Wt.% MWCNTs

Al Alloy a Backing Plate

Damping Effect ‘

Compressive Effect |

Direction of Impact

7.62mm o, l

6.25 mm | |

AC3 - Al;03+ 3 Wt. % MWCNT

10 mm

Al Alloy a Backing Plate

No Damping Effect

L) e

3.3.  Effect of impact velocity
The impact study on the ceramics and its reinforced com-
posites were conducted at 50 m/s velocity and depth of
penetration (DOP) of projectile was measured using optical
microscope and plotted in Fig. 7. From Fig. 7, its visible that
ceramics reinforced with the 1 wt.% MWCNTs i.e.,, AC1 and
YC1 displayed lower penetration compared to monolithic and
other composites. Likewise, AC3 and YC3 represented lower
DOP compared to monolithic ceramics but higher than AC1
and YC3. The reduction on AC1, AC3, YC1 and YC3 composites
is due to MWCNT incorporation which enhanced the interfa-
cial bonding between CNTs and the ceramics van der Waals
force which increases the interaction [22,25]. The strong
interfacial bonding between the CNTs and ceramics could
have been due to bridging of MWCNT fibers with ceramic
particles throughout the surfaces [3]. On the other hand,
higher MWCNTSs percentage onto ceramics led to a higher DOP
compared to monolithic ceramics showcasing damages lead-
ing to failure which was the case of AC5 and YC5. This could
be a result of agglomeration of MWCNTSs on the composite
surface, resulting in a lowered hardness and fracture tough-
ness and thus leading to failure of the composite.

Table 3 reports the DOP for MWCNTSs reinforced compos-
ites at 100 and 200 m/s impact velocity. From Tables 3 and it
could be stated that both alumina and zirconia-based

Compressive Effect |«

Fig. 8 — Impact surface mechanics and microstructure of (a) YC3 and (b)AC3.
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ceramics and its composites were able to withstand 100 m/s
impact velocity. However, at 200 m/s, 5 wt.% MWCNTSs rein-
forced composites failed completely. This showcases that
velocity of projectile, and its relative density affected the
composite tile with respect to its hardness and fracture
behaviour. The drop in the fracture toughness with respect to
MWCNTs reinforcements could be due to agglomeration of
MWCNTSs on the surfaces due to weak van der Waals force of
attraction between ceramic and MWCNTs. This agglomera-
tion of MWCNTs led to reducing on the sintering effect of the
composites [23,24].

Fig. 8 represents the surface impact mechanics schematic
view on impact area and its microstructures of AC3 and YC3
samples. From Fig. 8, it is evident that the impact of Ti bullet
caused an initial shearing effect to initiate the penetration.
Comparing the AC3 and YC3, YC3 exhibited reduced DOP
compared to AC3 which is reported in Table 3. This phe-
nomenon could be due to two significant factors like damping
effect and compressive effect created post impact. From Fig. 8
FESEM, it is clearly visible that the impact created a uniform
compressive force in the circumference of impact zone which
led to drop in the pinning effect between the MWCNTs and
ceramics. This drop in pinning effect facilitated effective load
transferring capability of the composites resulting in lower
DOP and also leaving traces of bow-back resistance on the
impact region as highlighted in Fig. 8 [31]. This sort of impact
mechanism was not observed for AC3 due to the lower relative
density which resulted in high DOP. It could be presumed by
observation that shear between the Ti bullet to ceramic to be
~40% for AC3 and ~60% for YSZ. This shear could also have
been due to the abrasive nature of ceramics which are being
created from the interaction between bullet and the ceramic
composite.

4, Conclusion

The impact behaviour of monolithic alumina, YSZ and its
MWCNTs reinforced composites against a Ti-alloy projectile
has been reported in this study. The results indicated that
with an increase in MWCNTSs content, the depth of penetra-
tion (DOP) into composites increased with 3 wt.% MWCNTs
reinforcement acting as a threshold limit. The reduction in the
penetration depth at 1 wt.% reinforcement in alumina and
YSZ was attributed towards the enhanced interfacial bonding
and van der Waals forces of attraction between the ceramic
and MWCNTSs. On contrary, increase in the DOP upon increase
in content of MWCNTs is imputed to the agglomeration of
CNTs during sintering that leads to a lower hardness and
fracture toughness owing to formation of open pores
throughout the surfaces. The study also showed that YSZ and
its composites consistently exhibited lower DOP than alumina
and its composites owing to its higher relative density. In spite
of their low weight and density, alumina based ceramic
composites have typical shortcomings that might need
consideration while designing for aerospace structural sys-
tems. It was also observed that with a decrease in relative
density of the tiles, DOP increased, implying an inverse rela-
tion between densification and penetration depth. Further, to

understand the impact behaviour of the ceramic

nanocomposites in depth, extensive research is required with
focus towards sintering, high velocity impacts and projectile
dimensions.
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