UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

3D printing of layered ceramic/carbon fiber
composite with improved toughness

Sun, Jinxing; Yu, Shixiang; Wade-Zhu, James; Chen, Xiaoteng; Binner, Jon; Bai, Jiaming

DOI:
10.1016/j.addma.2021.102543

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):

Sun, J, Yu, S, Wade-Zhu, J, Chen, X, Binner, J & Bai, J 2022, '3D printing of layered ceramic/carbon fiber
composite with improved toughness', Additive Manufacturing, vol. 50, 102543.
https://doi.org/10.1016/j.addma.2021.102543

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. Apr. 2024


https://doi.org/10.1016/j.addma.2021.102543
https://doi.org/10.1016/j.addma.2021.102543
https://birmingham.elsevierpure.com/en/publications/f873c2f1-4871-4910-9075-a74c2cb0df90

3D printing of layered ceramic/carbon fiber composite with
improved toughness

Jinxing Sun®®, Shixiang Yu?, Jinsi Yuan?, Haowen Liang?, Jon Binner®, Jiaming Bai®*
9 b b

a. Shenzhen Key Laboratory for Additive Manufacturing of High-performance
Materials, Department of Mechanical and Energy Engineering, Southern

University of Science and Technology, Shenzhen, 518055, China
b. School of Metallurgy and Materials, University of Birmingham, B15 2TT, UK

* Corresponding Author: baijm@sustech.edu.cn (J. Bai)

Abstract

Strong and tough materials are required for many industrial applications, however these
properties tend to be mutually exclusive in many man-made materials. Natural
materials like nacre, however, simultaneously offer both high strength and toughness.
In this work, nacre-inspired composites with layered architectures have been fabricated
using digital light processing (DLP) of porous ceramic structures combined with the in-
situ polymerization of methyl methacrylate (MMA). The resulting binary layered
ceramic-polymer composites exhibit high strength and toughness. In addition, the
introduction of carbon fibre bundles into the polymer layer significantly improved the
mechanical properties of the composites even further; these ternary composites
achieved an excellent combination of high strength (611.4 + 46.7 MPa), fracture

toughness (14.87 = 0.83 MPa m'?) and work of fracture (6597.2 £ 99.3 J/m?). Such
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fracture-resistant behaviour can be attributed to toughening mechanisms of crack
deflection, lamellae and fibre ‘pull-out’, polymer inelastic deformation and interfacial
debonding. This study paves a new way to realize the fabrication of bioinspired ceramic

composites with improved mechanical properties.

1. Introduction

The inherent brittleness of monolithic ceramics greatly constrains their usefulness for a
wide range of applications because they have relatively immobile dislocations and
consequently an almost total absence of plasticity during fracture processes [1][2].
Therefore, the development of ceramic matrix composites with improved toughness has
been an important goal for industrial and academic communities. There are various
biological materials in nature that inherently possess a unique combination between
high strength and toughness, as they need to provide resistance to penetration against
external impact [3]. Nacre, for example, consisting of 95% brittle phase and 5% ductile
organic phase, is a natural composite with a layered structure in which the brittle phase
is bonded together with ductile organic layers to form a “brick and mortar” architecture.
It has been demonstrated that this architecture is the origin of nacre’s high strength and
toughness [4][5][6] with its fracture toughness being three to nine times higher than

that of its constituents individually [7][8].

Nacre-inspired composites have been fabricated through a variety of approaches to date,

including electrophoretic deposition [9], sputtering [10] and sol-gel processes [11].



However, these methods are all limited to the formation of thin multilayers, which
constrain the fabrication of bulk components. Freeze casting, also known as ice-
templating, has been shown to be one of the most effective alternative approaches and
has been used to produce bioinspired bulk composites [12]. In this process, an aqueous
ceramic slurry is frozen and then the ice is removed leaving a dendritic structure that
forms a layered scaffold; both the ceramic loading and cooling rate play important roles
in controlling the ceramic lamellar thickness. Bulk layered ceramic composites are then
obtained by infiltrating the scaffold with a second phase, such as a polymer and/or a
metal. For example, Bai et al. used a bidirectional freezing technique to fabricate
lamellar hydroxyapatite scaffolds and infiltrated them with poly(methyl methacrylate)
(PMMA) to produce HA/PMMA binary composite with exceptional combinations of
strength (~100 MPa), elastic stiffness (~20 GPa) and work of fracture (265-2075 ] m™)
[13]. Munch et al. also infiltrated PMMA into freeze-cast alumina scaffolds to produce
nacre-like ALO3/PMMA composites with high ceramic content [14]. In order to
improve the interface bonding, they firstly modified alumina scaffolds; the resultant

composites displayed greatly improved flexural strength and fracture toughness.

Although freeze casting techniques combined with infiltration have been shown to be
successful in the fabrication of nacre-like composites, this technique is cumbersome
and has challenges in terms of precisely controlling the scaffold architecture. Moreover,
the freeze cast scaffold size is limited by the mould, further limiting the technique’s

potential to make physically large composites [12][15]. Additive manufacturing, also



known as 3D printing, provides a simple, yet versatile route to fabricate ceramic parts
with customized and complex architectures [16]. The fabrication of bioinspired, layered
ceramic scaffolds via 3D printing offers particularly significant benefits compared to

freeze casting, viz. ease of fabrication and customized geometry.

In this study, digital light processing (DLP)-based 3D printing technology was used to
fabricate layered zirconia scaffolds. The layered composite was subsequently obtained
by infiltrating PMMA into the as-sintered scaffold. In addition, scaffolds with and
without embedded carbon fibre bundles were prepared prior to infiltration, the idea
being to greatly mitigate the fibre damage that typically occurs in fibre-reinforced
ceramic matrix composites that are made via high temperature sintering. The
incorporation of carbon fibre into the PMMA was expected to further improve the
mechanical properties of the composites, particularly the flexural strength, fracture

toughness and work of fracture.

2. Experimental methodology

2.1 Materials

The following materials were used in this study as received: as-prepared zirconia slurry
(see the process of slurry preparation in Supporting information), ethanol (Sigma-
Aldrich GmbH, Germany), y-methacryloxypropyl trimethoxy silane (y-MPS, KH-570,
Sigma-Aldrich GmbH, Germany) as silane coupling agent, methyl methacrylate (MMA,
Sigma-Aldrich GmbH, Germany), azobisisobutyronitrile initiator (AIBN, Sigma-

Aldrich GmbH, Germany), sulphuric acid (H2SOs, purity. 95.0-97.0, Sigma-Aldrich



GmbH, Germany), hydrogen peroxide (H202, 35 wt.% solution in water, Sigma-Aldrich
GmbH, Germany), acetone (>99.5%, ACS reagent, Merck, China), and the commercial
carbon fibre bundle (SYT49S-12K, Zhongfu Shenying Carbon Fibre Co., Ltd, Jiangsu,
China). The density of the carbon fibre bundle was 1.78 g/cm?, the tensile strength and

elastic modulus were 4900 MPa and 230 GPa, respectively.

2.2 Design and fabrication of layered zirconia scaffold

Fig. 1 shows a schematic illustration for producing the layered scaffold models with a
ceramic content of 60, 65, 70 and 75 vol.%. The latter were designed using Materialise
Majic software (Materialise software, Leuven, Belgium), as shown in Fig. 1C. The
ceramic content could be controlled by changing the lamellae thickness (0.8, 1.0, 1.2,
and 1.5 mm respectively); the gap between adjacent lamellae being fixed at 0.7 mm. In
order to control the scaffold thickness for different specimens, the number of ceramic
lamellae was varied. All zirconia green bodies were fabricated using a homemade DLP
3D printer, subsequently, they were debound and sintered in a furnace; the details can

be found in the sample preparation process in the support information.
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Fig. 1. Design principle of the nacre-inspired layered scaffold. (A) Representative
photograph of nacre. (B) SEM image of nacre exhibiting a layered architecture
consisting of an inorganic phase and an interlayered organic phase. (C) As-designed
scaffolds inspired by nacre.

2.3 Fabrication of bioinspired composites

Bioinspired zirconia/PMMA composites were fabricated via 3D printing and polymer
infiltration, as schematically illustrated in Fig. 2. Initially, as-sintered zirconia scaffolds
were cleaned in an ethanol bath and then hydroxylated in piranha solution (75 vol.%
H>S04, 25 vol.% H>03) for 30 min at room temperature in order to promote chemically
bonding with silane coupling agent (y-MPS). Subsequently, the scaffolds were surface-
grafted with y-MPS. The end groups of the silane coupling agent, the organofunctional
and the alkoxy group, can form strong bonds with the polymer matrix and with the
ceramics, therefore enhancing the interfacial bonding between the zirconia scaffold and
poly (methyl methacylate) (PMMA) [17]. This involved soaking the hydroxylated

scaffolds for up to 24 h in a mixed solution of 50 vol.% y-MPS and 50 vol.% acetone.



The as-grafted scaffolds were then rinsed with acetone to remove the residual silane

coupling agent and finally dried at room temperature for 12 h.
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Fig. 2. Schematic illustration of the fabrication process of the layered composites. (A)
Surface graft of the zirconia scaffold. (B) Fibre bundles were inserted into the gap of
the scaffold. (C) The scaffold with fibre was immersed into a plastic mould for in-situ
polymerization of MMA. (D) A nacre-like ZrO,/cPMMA composite was finally
obtained after polishing. The formation of ZrO2/PMMA composite followed the same
process except for the embedding step of the carbon fibre bundles. See the Supporting
Information for full details.

Single-layered carbon fibre bundles (Fig. S4, Supporting information) were cut into
several pieces with an area of 22 x 3 mm? each. After cleaning with ethanol and drying
at room temperature, they were inserted into the gaps of the scaffolds for subsequent
polymer infiltration (see Fig. S5, Supporting information). In the latter step, the treated
scaffolds with and without embedded carbon fibre bundles were placed into a glass
container that have already contained a mixture of MMA and AIBN in a weight ratio of
1:0.005 at room temperature. The container was then placed at 80°C in an oil bath for
20 min in order to activate the radical polymerization of the MMA. Then the container

was left in an oven at 45°C overnight prior to post curing at 100°C for 2 h to ensure



complete polymerization. Prior to mechanical testing, the resulting composites were
polished with SiC sandpaper of grade 600 to remove any excess polymer using a
rotating polishing machine (LaboPol-5, Struers, Copenhagen, Denmark).

The resulting ternary bioinspired zirconia/carbon fibre/PMMA composites made of 60,
65, 70 and 75 vol.% of zirconia scaffolds are referred to as ZrO,60/cPMMA,
Z1r0265/cPMMA, ZrO;70/cPMMA and ZrO,75/cPMMA, whilst the binary
ZrOo/PMMA  composites are referred to ZrO.60/PMMA, Zr0O,65/PMMA,

7Z10270/PMMA and ZrO,75/PMMA.

2.4 Microstructural characterisation

All microstructures of the parts were imaged by scanning electron microscopy (SEM,
ZEISS Merlin, Oberkochen, Germany) at an accelerating voltage of 5 kV at a working
distance of 8 mm, prior to SEM observation, all parts were polished to a 1 pm finish
using the same polishing machine, the samples were then sputter-coated with a layer of
Pt at a current of 10 mA for 5 min. ImageJ software was conducted to measure the
thickness of the ceramic and the polymer lamellae as well as the diameters of the carbon

fibres on SEM image.

2.5 Mechanical characterisation

Three-point flexural strength testing was undertaken on unnotched beams with a span
of 20 mm at a crosshead displacement speed of 0.5 mm/min followed the test standard
of ASTM C1161-13. The bending stress-strain curves were obtained from the load-

displacement data according to the Euler-Bernoulli bending theory [18]:



3FS

o= o eW? )
6DW
o= 2)

where ¢ and € are respectively the bending stress and strain, F is the force, S is the
support span, B is the width of the specimen, W is the height of the specimens and D is

the bending displacement at the middle point.

The single-edge V-notched beam (SEVNB) method was used to determine the fracture
toughness of the composites, with a loading rate of 0.1 mm/min following ASTM
standard C1421-99. The 3 mm wide SEVNB specimens were polished to a I pm finish
using silicon carbide paper and then notched at one edge with a low-speed diamond
saw of 200 pum thickness. The bottom of each notch was sharpened by repeatedly
passing a razor blade with diamond paste to obtain a small sized pre-crack. The
measurement of the notch depth was conducted using an optical microscope (Axio
Observer 3, Zeiss, Germany); a typical notch is shown in Fig. 3, the notch depth to
sample height ratio was maintained at 0.4 — 0.6 to ensure an accurate fracture toughness
value [19]. The fracture toughness (K;c) was calculated using the following equation:
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where P is the applied load, a is the notch depth. The fracture toughness of the
monolithic zirconia was obtained from our previous work [20]. The work of fracture
reveals how much energy is dissipated during bending fracture process [21][22]. It was

calculated by dividing the area under the load displacement curve of the notched bars



over the specimen cross-section area, equation (4):

A
Wi = 2B(W —a) )

where Wris the work of fracture (J/m?), 4 is the total area under the load displacement
curve and indicates the energy of the applied load during the fracture test, B and W are
the width (m) and height (m) of the SEVNB specimen and « is the initial notch depth
(m). For each test, at least 5 samples were tested to obtain an average value. All the

mechanical property measurements were conducted using a universal testing machine

(LABSANS, Shenzhen, China) with a 3 kN load cell.
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Fig. 3. Schematic diagram of SEVNB specimens and testing configuration. (A)
[lustration of a fracture toughness test specimen. (B) SEVNB testing setup
configuration. (C) Optical micrograph of a typical pre-crack notch with a root radius of
~15 pm.

3. Results and Discussion
3.1 Microstructure

The microstructures of the nacre-like composites are illustrated by a ZrO>65/PMMA



composite with and without a surface grafted scaffold, Fig. 4. It is clear from the SEM
images that the composites exhibited uniform polymer and ceramic lamellas and that
the lamellae thickness was very close to that of the designed value; this suggests that
DLP printing can achieve highly dimensional accuracy. Moreover, Fig. 4A
demonstrates the absence of obvious structural flaws, such as pores and microcracks.
Microstructural observations at the inorganic/organic phase interface revealed good
adhesion in Fig. 4B, thanks to the chemical grafting at the molecular level before
PMMA infiltration using in-situ free-radical polymerization, the presence of
methacrylate groups acting to promote stronger covalent bonding between the inorganic
and organic phase. However, obvious delamination can be observed at the non-grafted
two-phase interface, Fig. 4D, which is not helpful to achieving good mechanical
properties for the composites. The fabrication of excellent composites requires several
key factors, including a suitable zirconia suspension, optimised printing parameters, a
good debinding and sintering process, and successful surface grafts and polymer

infiltration.
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Fig. 4. Comparison of microstructure of the ZrO.65/PMMA composites, containing 65
vol.% zirconia with 1 mm lamellae thickness and 35 vol.% 0.7 mm thickness PMMA
lamellae. The lighter phase is the zirconia; the dark phase is the PMMA. (A & B) SEM
micrographs of the composites with a surface grafted scaffold, (C & D) SEM
micrographs of the composite without a surface grafted scaffold; delamination was
observed at the inorganic/organic layer interfaces.

Fig. 5 shows the microstructures of the carbon fibre bundles and cross-section of the
composites; the arrangement of the former was observed before the composites were
produced. Clearly, they have a continuous and uniform features with a 7 um diameter.
As shown in Fig. 5C, the carbon fibres were uniformly dispersed in the polymer matrix
without obvious agglomeration. The calculated volume fraction in the zirconia/cPMMA
composite was ~15% and it can be seen that the volume fraction of the fibres played a
significant role in the determination of the composite’s mechanical strength. Thought it
has been observed in the past that higher fibre volume fractions do not always lead to

superior mechanical properties [23][24]. Actually, an excessive number of fibres in the



matrix may result in insufficient infiltration of the matrix, yielding voids and defects
that are not beneficial for strong interfacial bonding. The presence of the latter can be
observed in Fig. 5D; a large amount of polymer matrix covers the fibre surface.
Appropriate interfacial bonding is important, as it can trigger toughening mechanisms
such as fibre ‘pull-out’ and interfacial debonding, which consume significant amounts
of fracture energy, further improving the properties of the composites [25]. Having an
interfacial bond that is too strong or too weak can result in difficulties in inducing the

desired toughening mechanisms [26].

Fig. 5. SEM images of carbon fibre bundles and composites. (A) Carbon fibre bundles
used in this study. (B) The magnified image of the carbon fibre bundle having a
diameter of 7 pm. (C) Carbon fibres in the composites. (D) SEM observation showing
strong interfacial bonding between polymer and fibre.

3.2 Mechanical properties



Fig. 6 shows the typical stress-strain curves of the ZrO,75/PMMA and ZrO,75/cPMMA
composites, together with a stress-strain curve for 3D printed monolithic zirconia for
comparison. The composites exhibited non-brittle failure due to the plastic deformation
of the polymer phase, whilst the monolithic zirconia fractured catastrophically, though,
as expected, it had a higher failure stress. Moreover, it can be seen that the areas under
the stress-strain curves for the composites were larger than that of the monolithic
zirconia; this suggests they had an improved fracture toughness and work of fracture.
Typically, the composites had a step-like fracture mode, which is a typical response
characteristic of a brittle/ductile alternative layered composites [27]; such behaviour is
also found in ceramic/metal composites [28]. The ZrO,75/PMMA and ZrO,75/cPMMA
composites were comprised of four-layers of ceramic lamellae and three-layers of
polymer phase, and the steps in the stress-strain curve are believed to relate to the
failures in the layers. The stress initially dropped dramatically, which corresponded
with the crack propagating through the first zirconia layer and then rose again,
representing crack accumulation inside the brittle layers after deflection. This process
was repeated three times until the specimens failed completely. The step-like curve
reveals that the ceramic/polymer interface prevented further crack propagation and
caused the crack to deflect, thus a higher load (i.e. more energy) was needed for failure.
Moreover, the ZrO>75/cPMMA composites demonstrated a higher stress at the same
loading strain compared to the ZrO.75/PMMA composite materials. This was due to
the introduction of fibres into polymer phase, in which fibre ‘pull-out’ has been

witnessed in terms of its success in fibre-reinforced polymer composites [29][30][31].
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Fig. 6. Representative bending stress-strain curves of monolithic zirconia and

bioinspired composites with 75 vol.% ceramic content.

Three-point bending tests were conducted to determine the flexural strength of the
monolithic zirconia and its composites. Fig. 7 shows a comparison of the flexural
strength for the ZrO/PMMA and ZrO/cPMMA composites with varied ceramic
content. It is interesting to observe that the flexural strength of the composites was
strongly dependent on both the ceramic content and presence of the carbon fibres. With
respect to the latter, the composites containing carbon fibres were always stronger than
their fibre-less counterparts, on average by 12.6%, whilst the strength also increased
by >200 MPa as the ceramic content increased from 60% to 75%, both with and without
the carbon fibres. The improvement in the flexural strength in the carbon fibre-based
composites compared to the fibre-free composites can be attributed to the significant
amount of fibre ‘pull-out’. This ‘pull-out’ of the fibres in the polymer matrix will have

enhanced the strength of matrix and hence further improved the strength of composites.
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Fig. 7. The flexural strength of composites as a function of ceramic content.

Fig. 8 shows the fracture toughness and work of fracture as a function of ceramic
content. Similar to the variation in strength, Fig. 7, the fracture toughness and work of
fracture also demonstrated a strong dependence on both the ceramic content and
presence of the carbon fibres. In all cases, both the fracture toughness and work of
fracture were enhanced by the presence of the latter, the values increasing by an average
of 74.5% and 125.4% respectively. Similarly, for the composites without carbon fibres
the fracture toughness increased by 125.7% from 6.08 + 0.54 to 13.72 = 0.95 MPa m'?
as the ceramic content increased from 60 to 75 vol.%, whilst the work of fracture
approximated doubled from 2125.1 £ 91.9 to 5863.8 + 77.4 J/m?. For the composites
containing carbon fibres, whilst the magnitude of the increases was smaller, as indicated,
the absolute values were somewhat higher as shown on Fig. 8. It can clearly be
concluded that the results of the mechanical property measurements demonstrated the

benefits of increasing the ceramic content and adding continuous carbon fibres.
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Fig. 8. Mechanical properties of the layered composites as a function of ceramic content.
(A) Fracture toughness of the composites as compared to monolithic ZrO». (B) Work
of fracture of the composites as compared to monolithic ZrO,.

Fig. 8 also shows a comparison of the composites’ and monolithic zirconia ceramics’
values for both fracture toughness and work of fracture; it can be seen how they were
both very significantly improved, particularly for the work of fracture. The latter
revealing how the composites dissipated considerably more energy during the fracture
process. Similarly, the load-displacement curves for the SEVNB tests yielded
maximum load and displacement values of 71 N and 0.049 mm for the monolithic ZrO»,

whilst they were 584 N and 0.43 mm for ZrO,75/cPMMA composites, respectively.

Fig. 9 provides a property map for the different composites without the presence of
carbon fibres, together with schematic illustrations of the architecture of the different
layered composites to help visualise the trends in the mechanical properties. As
indicated earlier, both the fracture toughness and flexural strength of the composites
show a clear trend with respect to the fraction of the ceramic in the ZrO,/PMMA
composites, becoming both stronger and tougher. These results suggest that the main

contribution to the strength and fracture toughness of composites is the presence of the



thick ceramic lamellae that resisted fracture, whilst the polymer layer between the

lamellae behaved like the ductile phase in nacre, dissipating fracture energy [6].

The mechanical properties of the bioinspired composite materials were strongly
dependent on the layer thickness ratio, (#./t,), where ¢ and ¢, represent the thickness of
the ceramic and polymer layers, respectively [32]. Whilst a high ceramic content
typically results in a greater layer thickness ratio, which yields outstanding mechanical
properties, a very thin polymer layer thickness means the composition of the composites
mainly consists of ceramic phase, which maximises strength but minimises fracture
toughness. Therefore, it may be concluded that there will be an optimal ceramic content
or layer thickness ratio to achieve the best combination of toughness and strength as
predicted by Magrini et al [33] and Wan et al [34]. Magrini et al evaluated the flexural
strength for nacre-like alumina/PMMA composites with ceramic contents in the range
35-59 vol.% whilst Wan et al undertook a very similar activity for composites
containing 50-85 vol.% of ceramic phase. Both concluded that whilst a higher ceramic
content generally resulted in improvement in both strength and fracture toughness, there
would be a threshold, above which the composites would exhibit a brittle failure
response and hence a low fracture toughness. This was determined to be a ceramic

content of >85 vol.% by Wan et al.
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Fig. 9. Property map of ZrO,/PMMA composites as a function of ceramic content. A
schematic of the architecture of each group of composites is depicted, in which the
ceramic layer is represented in blue and the polymer in orange. Both fracture toughness
and flexural strength are proportional to the ceramic content in the range 60-75 vol.%.

3.3 Toughening mechanism of composites

The excellent mechanical properties of the nacre-like composites are largely associated
with both intrinsic and extrinsic toughening mechanisms [32]. The former is derived
from the extensive inelastic deformation of PMMA, which increases the inherent
resistance to crack initiation and propagation, whilst the later can be attributed to the
layered architecture, fibre ‘pull-out’ and fibre debonding, which inhibits crack growth

by effectively reducing the crack-driving force.

Fig. 10 presents the crack propagation pattern of the composites during the fracture
process. As can be seen, the crack was preferentially initiated in the brittle ceramic layer

and then it propagated through it until it met the ceramic-polymer interface, where it



would propagate along the strong ceramic-polymer interface, leading to interfacial
debonding, Fig. 10B, and an increase in the composite’s toughness. It is believed that
the strong interfacial bonding resulting from the chemical grafting promoted multiple
extrinsic toughening mechanisms that stabilised the crack growth avoiding the
catastrophic fracture that is characteristic of monolithic zirconia. The ligament
polymeric phase deflects the cracks and releases the stress at the crack tip by a
mechanism known as “crack-tip-shielding” [35], which provides a means of blunting
the crack tip. Such crack blunting has been identified as an important toughening
mechanism that acts to lower crack-tip stresses [36]. Maximilien et al [32] further
concluded that an increased polymer layer thickness could increase the degree of
blunting. Alternating brittle-ductile layered composites thus lead to extensive crack
deflections, corresponding to tortuous zig-zag crack paths. The damage results in the
nucleation of a number of microcracks formed in the polymer phase ahead of the
propagating crack and inelastic deformation of the ductile layers undergoing extensive
stretching, thereby acting as uncracked ligament bridges prior to failure, Fig. 10D.
Additionally, the ceramic lamellae can exhibit a degree of ‘pull-out’, Fig. 10C, with
significant shear deformation within the polymeric layers absorbing a large amount of
fracture energy, both factors undoubtedly increased the fracture toughness of the

composites.
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Fig. 10. Representative microstructures of crack propagation of the bioinspired layered
composites. (A) Crack initiation at the root of the notch and its deflection after the
interaction with the polymer layer. (B) Extensive interfacial debonding was observed
during cracking. (C) ‘Pull-out’ of the ceramic lamellae causes significant tearing and
stretching of the polymer layer. (D) The formation of microcracks in the polymer phase
ahead of the crack tips could consume a large amount of energy. Scale bar: 200 um.

Fig. 11 shows the representative fracture surface morphology of the ZrO,70/cPMMA
composite. It can be seen that the carbon fibre bundles were reasonably uniformly
dispersed in the polymer layers, Fig. 11A, and the obvious brittle fracture of the ceramic
phase and interphase delamination may be observed. Visible fibre ‘pull-out’ and fibre-
polymer interfacial debonding are both observed in the fracture surface of the
Zr0270/cPMMA composites, Fig. 11B, which corresponds to the additional toughening
mechanism relative to reported bioinspired ceramic composites [37][38][39][40][41].
In addition, the fracture surface in the polymer matrix shows a step-like mode, this

indicates crack deflections during growth. Meanwhile, the fibres will absorb more



energy before rupture [42]. The work of fracture of the ZrO>70/cPMMA composites
was 4311.6 + 61.9 J/m?; this increased by 22.5% to a value of 5241.4 + 100.8 J/m? with
the incorporation of carbon fibres into the PMMA phase. Similarly, the strength
increased by 10.9% from 444.4 +23.3 MPa to 493 + 25.2 MPa. It can therefore be seen
that the toughening and strengthening effect from adding the carbon fibres was quite
prominent. Observation of the fracture surface of the polymer phase also indicated that
it exhibited a step-like morphology and extensive inelastic deformation, Fig. 11C,
which will have contributed to the high toughness of the composites. The ‘pull-out’ of
the carbon fibres and the debonded interfaces can also be clearly observed in Fig. 11D,
which means that more fracture energy was consumed during the fracture process, as

indicated by its improved fracture toughness and work of fracture.
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Fig. 11. Representative microstructures of the fracture surface in ZrO./cPMMA



composites. (A) Cross-section of the fracture morphology representing the uniformly
dispersed carbon fibres in the PMMA layer (scale bar: 100 um). (B) SEM image
illustrating the extensive fibre ‘pull-out’ and crack deflection. (C) Stretching of the
polymer phase. (D) Observation of fibre debonding. (B, C, and D scale bar: 20 um).

3.4 Comparison to other bioinspired layered ceramic composites

Fig. 12 shows a direct comparison of the mechanical properties of the bioinspired
layered composites with those of other bioinspired composites. It can be clearly seen
that the ZrO,75/cPMMA composites display a remarkable combination of strength
(611.4 MPa), fracture toughness (14.87 MPa m'’?) and work of fracture (6597.2 J/m?).
With respect to the flexural strength and fracture toughness of the resulting composites,
they are greater than those of other reported bioinspired composites based on zirconia,
alumina or silica carbide and containing either an organic, metallic, or ceramic phase.
This can be attributed to the addition of the carbon fibre bundles into the polymer layer,
which introduced the additional toughening mechanism of fibre ‘pull-out’. Moreover,
the composites also outperformed the work of fracture for the other composites, as
shown in Fig. 12B and had a work of fracture value almost 50 times higher than for
monolithic zirconia. A significant improvement in toughness of ZrO,75/cPMMA
composites was witnessed due to the extensive toughening mechanism introduced by

the brick-and-mortar architecture.
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Fig. 12. Comparison of the layered composites with other bioinspired composites. (A)
Strength and fracture toughness [43][14][44][6][34][45][40][35][46][47][48]. (B)
Work of fracture [13][18][27].

4. Conclusions

Nacre-like ZrO2/PMMA and ZrO,/cPMMA composites were successfully fabricated
via 3D printing followed by an in-situ polymerization of the MMA. The resulting
composites with the “brick-and-mortar” architecture exhibited the ability to be damage-
tolerant combined with non-catastrophic failure. A variety of toughening mechanisms
were identified, including the ‘pull-out’ of carbon fibres and ceramic lamellae, fibre-
polymer, and ceramic-polymer interfacial debonding, crack deflection and inelastic
deformation of polymeric layers. These toughening mechanisms can dissipate large
amounts of energy, thereby leading to an excellent combination of strength and
toughness. The mechanical properties were investigated and the results can be
summarized as:

1. The mechanical properties of composites were strongly dependent on ceramic

content. Specifically, flexural strength, fracture toughness and work of fracture



displayed a significant increase with increasing ceramic volume fraction.

2. The mechanical properties of all of the ZrO,/cPMMA composites were somewhat
higher than those of the equivalent ZrO2/PMMA composites, thanks to the addition
of carbon fiber in the polymer matrix, which acted as an effective strengthening and
toughening method.

3. An excellent combination of high strength (611.4 + 46.7 MPa), fracture toughness
(14.87 + 0.83 MPa m'?) and work of fracture (6597.2 + 99.3 J/m?) was achieved in
the ZrO,75/cPMMA composites as the ceramic content reached 75 vol.%. The
fracture toughness and work of fracture were, respectively, ~2.7 and ~50 times
higher than those of monolithic zirconia, respectively.

4. Compared to monolithic zirconia and other bioinspired ceramic/compliant phase
composites, the mechanical properties of the resulting ZrO,75/cPMMA composites

with lamellar architectures are extremely competitive.
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