
Ceramics International 50 (2024) 19217–19227

Available online 4 March 2024
0272-8842/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Influence of graphene-based nanostructures processing routes and aspect 
ratio in flexural strength and fracture mechanisms of 
3Y-TZP-matrix composites 

R. Moriche a,*, E. Guisado-Arenas a, C. Muñoz-Ferreiro a,b,c, C. López-Pernía a, 
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A B S T R A C T   

In this work, the influence of the aspect ratio of graphene-based nanostructures (GBNs) and content on the 
mechanical properties of 3 mol% yttria tetragonal zirconia polycrystalline 3Y-TZP matrix composites was ana
lysed. The influence of the dispersion method and sintering parameters on the flexural strength and elastic 
modulus of the composites was studied, and the fracture surfaces were characterized to determine the fracture 
mechanisms that occur. The results showed that small amounts of exfoliated graphene nanoplatelets, with 
reduced lateral size, and few layer graphene, up to 1.0 and 2.5 vol%, respectively, slightly increase the 3Y-TZP 
flexural strength. This has been attributed to the tortuosity of the crack propagation pathways and strengthening 
mechanisms. Higher contents cause a decrease in flexural strength and stiffness because of overlapped GBNs, 
which can promote the crack propagation. The pull-out of GBN was more significant in composites with non- 
exfoliated graphene nanoplatelets, where no increase on the flexural or biaxial strength was measured.   

1. Introduction 

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) are well 
known for their significant role as advanced structural ceramics in 
technological applications. Due to its high strength, fracture toughness, 
and stability at high temperature, among others, it is one of the key 
materials used as structural components in engines [1], machining and 
cutting tools [2], and one of the most utilized materials as biomedical 
implants [3]. During the last decades, research has focused on the 
incorporation of nanostructured reinforcements, which can induce an 
enhancement of the electrical, thermal, mechanical, and tribological 
properties [4] of ceramic materials, including Y-TZP. This fact leads to 
enabling other functionalities, which makes possible to expand the field 
of applications, and the processing and machining routes, traditionally 
limited for ceramic materials [5,6]. Nonetheless, if the addition of these 
nanostructured fillers induces detrimental effects in the mechanical 
properties of Y-TZP, their application would be restricted to 

non-structural applications. Being the Y-TZP an advanced structural 
ceramic, it is essential to deeply understand how the nanofiller affects 
mechanical performance. 

In particular, the addition of carbon-based fillers, due to their elec
trical and thermal properties, to ceramic matrices has received special 
attention [7–10]. As an example, Kishimoto et al. [11] proposed the 
addition of carbon-black to an alumina matrix to develop pressure 
sensors based on changes in electrical resistivity of the bulk material. 
Waku et al. [12] also proposed the incorporation of graphite as a second 
phase in alumina-matrix composites to make the material piezoresistive. 
Among carbon-based nanofillers, graphene-based nanostructures are 
especially promising [13]. Zhou et al. [14] suggested the use of a porous 
graphene/Al2O3 ceramic for heat transfer and thermal energy storage 
and directional architectures to improve thermal conductivity [15]. 
Muñoz-Ferreiro et al. [16] have demonstrated that the incorporation of 
different graphene-based nanostructures (GBNs) into a polycrystalline 
matrix of 3 mol% yttria tetragonal zirconia (3Y-TZP) achieves high 
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efficiency in the electrical discharge machining (EDM) due to their high 
electrical conductivity. 

Additionally, GBNs have been reported to enhance the mechanical 
behaviour of several ceramics due to toughening mechanisms such as 
pull-out, crack bridging, and deflection [17]. Markandan et al. [18] have 
reported that contents below 2 wt% (~5 vol%) graphene-based second 
phases homogeneously dispersed give rise to crack deflection, crack 
bridging, and crack branching, inducing hardening and toughening in 
zirconia. Chen et al. [19] obtained fracture toughness and hardness 
enhancement for graphene nanoplatelet (GNP) contents less than 0.05 
wt% (~0.1 vol%) in zirconia matrix composites. Liu et al. [20] also 
described the hardening and toughening of 3Y-TZP ceramic matrices by 
the addition of GNPs up to 1.0 vol%. 

Related to the flexural strength of these GBN-based composites, 
different tendencies have been reported. Cui et al. [21] observed a slight 
increase (<10%) in the flexural strength of Al2O3/TiB2 with 0.3 wt% 
(~0.8 vol%) of GNP prepared by spark plasma sintering (SPS). Li et al. 
[22] studied the influence of the incorporation of GNP contents ranging 
from 0.25 up to 1.0 vol% in Al2O3 ceramics densified by SPS and 
high-frequency induction heated dual sintering (SPS–HF). They 
observed that an addition of GNP below 0.5 vol% induced an increase of 
15.3% in flexural strength. Above this value, the flexural strength 
decreased. Sun et al. [23], despite of obtaining 25% enhancements in 
fracture toughness, have published diminutions in flexural strength 
when incorporating 0.1 wt% (~0.3 vol%) of reduced graphene oxide 
(rGO) into Al2O3 matrices. Gao et al. [10] also used rGO (0.25–1.0 wt%, 
~0.7–2.6 vol%) to modify the mechanical behaviour of ZnO. They 
observed an increase in flexural strength from 38 ± 4 to 78 ± 3 MPa 
(~105%) when adding 0.5 wt% (~1.3 vol%) and a decrease down to 51 
± 3 MPa (~35%) by adding 1.0 wt% (~2.6 vol%). Pereira et al. [24] 
studied multilayered graphene (MLG)/Al2O3 composites with contents 
between 0.5 and 1.25 wt% (~1.3 and 3.3 vol%). For all compositions, a 
decrease in flexural strength was reported, being ~37% for 1.25 wt% 
(~3.3 vol%). Wu et al. [25] reported the effect of the nanofiller content 
(0.5 up to 2.0 wt%) on rGO/3Y-TZP prepared by SPS. Composites 
showed an enhancement of the flexural strength below 1.0 wt% (~2.6 
vol%) and above it, there was a considerably decrease. Zhang et al. [26] 
also observed an inflection point in both flexural strength and fracture 
toughness at 0.15 and 0.10 wt% (~0.4 and 0.3 vol%), respectively, in 
rGO/3Y-TZP composites. 

These and other published works [26,27] have shown different 
tendencies in flexural strength that occur with the addition of 
graphene-based nanofillers. Generally, the differences observed in me
chanical properties are related to differences in the aspect ratio of the 
fillers, dispersion methods, and processing parameters. Different 
dispersion methods can cause exfoliation, folding, and breakage of GBNs 
[28], what would lead to differences in the microstructure of the sin
tered composite material and, consequently, differences in the me
chanical behaviour. Although some works reporting the strength of 
these composites have been published, the number of published data is 
very scarce. 

The aim of this work is to analyse the influence of the incorporation 
of four different GBNs -in contents ranging from 1 up to 5 vol%- in the 
flexure strength of 3Y-TZP. The dependence of flexural strength, elastic 
modulus, fracture mechanisms, and biaxial strength on processing pa
rameters (i.e., dispersion process), and sintering conditions (sintering 
temperature and heating rate) is also studied, as they strongly influence 
the microstructure and, consequently, the mechanical response. 

2. Materials and methods 

2.1. Materials 

The ceramic powder used was polycrystalline 3 mol% yttria tetrag
onal zirconia (ref. TZ-3YB-E, Tosoh Corporation, Tokyo, Japan) with an 
average particle size of 40 nm. Graphene nanoplatelets (GNPs) with an 

average lateral size below 5 μm and thickness in the range of 10–20 nm 
were purchased from Angstron Materials (ref. N006–P, Dayton, Ohio, 
USA). Few layers graphene (FLG) with an average lateral size below 10 
μm and thickness in the range of 1 nm were also acquired from Angstron 
Materials (ref. N002-PDR-HD, Dayton, Ohio, USA). 

2.2. Dispersion and sintering processes 

Based on previous studies [28,29], four different dispersion pro
cesses were used to prepare GBN-based nanocomposites. Additionally, 
different GBN contents (1.0, 2.5 and 5.0 vol%) were added to study the 
influence in mechanical properties. 

The dispersion of GNPs and 3Y-TZP was carried out by dry ball 
milling, in a high energy planetary ball mill (Pulverisette 7, Fritsch classic 
line, Fritsch, Germany), without any solvent, using a powder-to-ball 
weight ratio of 1:30 and a speed of 350 rpm for 4 h. Continuous probe 
sonication (Model KT-600, Kontes Inc. Vineland, NJ) was used as a sec
ond route to prepare GNP/3Y-TZP mixtures. In this case, isopropanol 
was used as a solvent, and dispersion was carried out with an amplitude 
of 95% and a frequency of 20 Hz for 20 min. Cycles of 5 min were 
applied to refrigerate and avoid heating of the mixture. Subsequently, 
the solvent was evaporated at 100 ◦C under magnetic stirring to obtain 
the dry powder. 

A mixture of the powder used to obtain FLG-based nanocomposites 
was prepared by two different methods: wet ball milling in a high energy 
planetary ball mill (Pulverisette 7, Fritsch classic line, Fritsch, Germany) 
and bath sonication (Clifton™, Fischer Scientific S.L., Madrid, Spain). In 
the first method, a mixture of tert-butanol/water (10 vol%) was used as 
solvent, the powder-to-ball weight ratio was 1:20 and the speed was 150 
rpm during the first 15 min and held at 350 rpm for 4 h. In bath soni
cation, ethanol was used as solvent and a power of 160 W was applied 
for 30 min. Subsequently, the solvent was evaporated at 100 ◦C under 
magnetic stirring to obtain the dry powder. 

The sintering was carried out at 1250 ◦C for 5 min under uniaxial 
pressure of 75 MPa by spark plasma sintering (SPS, Model 515S, Dr 
Sinter Inc. Kanagawa, Japan at the University of Seville Research, Tech
nology and Innovation Centre, CITIUS). The heating and cooling rates 
were 300 and 50 ◦C/min, respectively. A sintering temperature of 
1300 ◦C and a heating rate of 100 ◦C/min were applied to specific 
composites to assess their influence on mechanical performance. Table 1 
shows the notation for all samples included in the study. 

2.3. Microstructural characterization 

Microstructural features and fracture surfaces were analysed by 
field-emission gun scanning electron microscopy (FEGSEM), particu
larly, a FEI TENEO from CITIUS. 

The characteristic length of the GBNs (LGBN) was measured by using 

Table 1 
Nomenclature and parameters used for the processing and sintering of GBN- 
based composites.  

Filler Sample GBN 
content 
(vol%) 

Dispersion 
method 

Sintering parameters 

Temperature 
(◦C) 

Heating 
rate (◦C/ 
min) 

FLG FLG 0.1, 1, 2.5, 
5 

Bath 
sonication 

1250 300 

FLG- 
1300 

2.5 1300 300 

m-FLG 2.5 Wet milling 1250 300 
m-FLG- 
100 

2.5 1250 100 

GNP e-GNP 1, 2.5, 5 Dry milling 1250 300 
GNP 1, 2.5, 5 Probe 

sonication 
1250 300  
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ImageJ as the length, i.e. caliper diameter, of individual or stacked GBNs 
observed in polished cross-sections. This is a key parameter to analyse 
possible interlocking of grains during fracture in a particular plane. The 
grain boundary length (LGB) of the 3Y-TZP matrix corresponds to the 
perimeter calculated from the planar grain size considering equiaxial 
grains. 

2.4. Mechanical properties 

Flexural tests, in 3-point bending configuration, were performed by 
an adapted method based on ASTM C1161-13 on samples with di
mensions 15 x 2.5 × 2 mm2 using a spam of 10 mm and a crosshead 
speed of 0.5 mm/min in an Instron 1165 machine. The surface subjected 
to tensile stress was polished to 1 μm, and the edges were chamfered 
with a 3 μm paste. At least, five tests were performed per material and all 
the tests were performed applying the load parallel to the compaction 
axis. After testing, the fracture surfaces were evaluated by confocal 
microscopy (Leica, DCM3D) and FEGSEM (FEI TENEO, CITIUS). The 
roughness parameters, specifically the arithmetical average height (Ra) 
and the ten-point height (Rz) were estimated from 3D profilometry. 

Additionally, the elastic modulus was measured using the impulse 
excitation technique following the ASTM E1876 standard in samples 
with a diameter of 15 mm, utilizing a Sonelastic® equipment and soft
ware (ATCP Physical Engineering, Ribeirão Preto, Brazil). 

Ball on three ball (B3B) tests, specific for brittle materials, were 
carried out in selected samples. The flexural radius was 6.35 mm, with a 
ratio of the support radius (Ra) to the disc radius (R), Ra/R = 0.80 using a 
universal test machine (Instron 1341). 

3. Results and discussion 

3.1. Microstructural features of the sintered composites 

Among the parameters that can condition the mechanical properties 
of ceramics and ceramic matrix composites, the relative density, the 
grain size distribution, and the average planar grain size can be 

highlighted. There were no significant differences in the relative density 
and grain size distribution for the different samples in this study. In all 
samples, the achieved relative density was above 99%. Likewise, all 
planar grain sizes were found to be in the range of 0.25–0.30 μm; the 
composite materials showed slightly, but not substantially, lower values 
than that of the monolithic 3Y-TZP. The most remarkable diminution 
was shown by the e-GNP materials. 

Other key factors, independently of the nature of the matrix, are how 
the filler is dispersed and distributed throughout the matrix, -i.e. the 
filler dispersion degree and orientation-, and the filler geometry and 
aspect ratio. 

The strong dependence on the lateral size and the existence of a size 
effect on the mechanical behaviour of graphene-based nanocomposites 
has been previously reported not only for ceramics but also for polymer 
and metal matrix composites [30]. Additionally, it has been published 
that there is a critical lateral size for effective reinforcement of these 
nanofillers [31]. 

To elucidate the mentioned microstructural features, Fig. 1 shows 
SEM micrographs of representative cross-sectional areas corresponding 
to the studied GBN-based nanocomposites with a filler content of 5 vol 
%. It can be seen that the GBNs are homogeneously dispersed and 
randomly orientated in the case of the GNP-based composites prepared 
by dry milling, i.e., e-GNP (Fig. 1a). Furthermore, compared to the other 
nanostructures used in this paper, these GBNs have shorter character
istic length (<3 μm, Table 2). This fact has been deeply analysed in a 
previous published work [29] and is attributed to the high energy of the 
dispersion process, which causes breakage and fragmentation of nano
platelets to characteristic lengths less than 3 μm, and significant exfo
liation. Consequently, the mean free path, defined as the linear free 
space between adjacent nanoplatelets, in this particular case (e-GNPs), is 
considerably smaller relative to the other composites, as can be seen in 
Fig. 1. 

In contrast, when the same GNPs are dispersed using probe soni
cation (Fig. 1b), the original lateral size is not significantly modified, 
and a bimodal distribution with two maxima in 2 and 10 μm is obtained. 
This implies longer mean free paths between adjacent GNPs, for the 

Fig. 1. Cross-sectional microstructure of (a) e-GNP, (b) GNP, (c) FLG, and (d) m-FLG-3-YTZP composites (5 vol%).  
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Table 2 
Characteristic microstructural parameters and flexural strength of GBN-based nanocomposites.  

Composite GBN content (vol%) GBN characteristic length, LGBN (μm) Flexural Strength (MPa) Maximum flexural strength (MPa) Weibull distribution 

Min. Max. Mean (std.dev.) Scale parameter (α) Shape parameter (β) 

3YTZP – – – – 950 
±180 

1147 1005 8 

FLG 0.1 0.22 30.40 1.81 (3.22) 1000 
±170 

1132 1064 8 

1 970 
±170 

1163 1020 10 

2.5 980 
±270 

1304 1044 6 

5 720 
±150 

903 767 8 

FLG-1300 2.5 790 
±50 

845 805 21 

m-FLG 2.5 0.64 27.37 3.77 (4.45) 810 
±260 

1089 878 5 

m-FLG-100 2.5 820 
±130 

919 861 12 

e-GNP 1 0.22 2.60 0.54 (0.34) 1030 
±100 

1137 1063 15 

2.5 770 
±100 

901 806 9 

5 580 
±100 

662 612 9 

GNP 1 0.49 29.55 3.77 (4.11) 770 
±160 

948 816 8 

2.5 800 
±120 

933 837 10 

5 750 
±110 

869 789 11  
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same nanofiller content, and larger isolated ceramic areas without 
nanofiller. Another relevant issue is that there is a preferential orienta
tion of the GNPs perpendicular to the compaction axis, leading to an 
anisotropic material [29]. Additionally, the waviness of the GNPs can be 
clearly noted, which can be attributed to their high aspect ratio. 

For FLG-based nanocomposites, samples prepared by bath sonication 
(Fig. 1c) showed dispersed FLGs with no significant reduction in lateral 
size compared to raw FLG, and with preferential orientation, perpen
dicular to the compaction axis. An in-depth study of the distribution, 
crystallinity of FLG, and the presence of defects in these composites has 
previously been published [32]. In that work, a reduction of defects in 
the FLG structure after sintering was reported. Due to their lower 
thickness and larger lateral size, the effective number of individual FLGs 
is greater than that related to GNPs for a given nominal content, leading 
to a more connected network and, thus, to a lower mean free path be
tween the nanostructures and, also, to smaller filler-free 3Y-TZP areas. 

In composites filled with FLG dispersed via wet milling (m-FLG), the 
separation of agglomerated FLGs seems to be not as effective as in the 
case of employing bath sonication and, consequently, it results in lower 
interconnectivity between the FLGs, i.e. higher mean free paths and 
larger GBN free ceramic areas. The resultant microstructure is more 
similar to that of the composites incorporating GNPs, with the difference 
that the FLGs are thinner and have a higher aspect ratio. 

One of the morphological features that can be useful to explain how 
the lateral size of GBNs affects the mechanical properties of the ceramic 
composites is the characteristic length (LGBN) of the GBN, mentioned 
above, and its magnitude compared to the grain boundary length (LGB), 
defined in section 2.3 [33]. If the LGBN is higher than the LGB, each 
nanostructure will surround a group of grains, promoting specific 
strengthening mechanisms due to interlocking. In contrast, if the LGBN is 

lower than the LGB, the GBN is smaller than the perimeter of the grains 
and the mentioned interlocking will not occur. The LGB of the studied 
materials were in the range of 0.6–1.0 μm. Table 2 shows the LGBN for the 
composites analysed in this section. The minimum, maximum, and mean 
values of the LGBN are included. Although the mean LGBN values for FLG, 
m-FLG, and GNP-based composites are lower than the LGB, the maximum 
value is considerably higher (~30 μm). This fact can also be elucidated 
in Fig. 1. On the contrary, the LGBN for e-GNP-filled materials is 
considerably lower than the LGB, with maximum and mean LGBN values 
of 2.6 and 0.54 μm, respectively. 

3.2. Mechanical properties 

3.2.1. Influence of the processing route and SPS parameters 
As mechanical properties have shown to be strongly dependent on 

microstructure due to the different processing route and sintering pa
rameters, an analysis of how the dispersion method and sintering tem
perature affect the flexural strength of the FLG-based composites has 
been carried out in samples filled with 2.5 vol% with different pro
cessing and sintering conditions (available in Table 1). The results ob
tained from the flexural tests performed are shown in Fig. 2, where 
reference 3Y-TZP has also been included for comparison. 

Regarding the sintering parameters, it can be seen that the flexural 
strength (980 ± 270 MPa) and the Weibull shape parameter (β) of the 
2.5 vol% FLG samples, which have been sintered at 1250 ◦C and are 
electrically insulators [34], are similar to those of the 3Y-TZP ceramic. 
One issue worth noting is that, although the average value is similar, the 
values of the maximum flexural strength values obtained for each batch 
were 1304 and 1147 MPa, respectively (Table 1). This fact shows that 
the addition of FLGs into the ceramic matrix can effectively contribute to 
the strengthening of the material, also supported by the increase in the 
scale parameter (α) of the Weibull distribution. 

In contrast to this result, the use of a higher sintering temperature 
(1300 ◦C), which makes the material electrically conductive [34] and, 
consequently, enables multifunctionality, decreases the flexural 
strength of the composite related to monolithic ceramic (~17%), 
obtaining a maximum value of 845 MPa in the best case. This could be 
caused by a slight increase in the grain size (from 0.39 ± 0.19 and 0.48 
± 0.15 μm, respectively) and residual stresses. This is supported by 
Raman spectra, which has been extensively discussed in a previous work 
[32]. A shift to higher frequencies, more significant in the 2D band, in 
the Raman spectra of the composites compared to raw FLG was reported, 
which is indicative of compressive residual stresses. It is well known that 
a residual compressive stress can contribute to enhance the mechanical 
resistance. As the composites sintered at 1250 ◦C showed higher values 
of Raman shifts, FLG should be subjected to higher compressive stresses 
compared to the composites sintered at 1300 ◦C, which could be the 
reason for the differences obtained in flexural strength. The flexural 
strength also decreases when wet milling is used as processing route 
(m-FLG and m-FLG-100) compared to the 3Y-TZP (Fig. 2 and Table 1). 
The decrease observed in this case is probably due to the poorer 

Fig. 3. SEM micrographs of the fracture surfaces of 2.5 vol% FLG-based nanocomposites prepared by (a) bath sonication and (b) wet milling.  

Fig. 2. Flexural strength of the composites with FLG (2.5 vol%) processed and 
sintered under different conditions. reference 3Y-TZP is included 
for comparison. 
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dispersion of the FLG (Fig. 1d), which causes the presence of larger 
agglomerates [35]. An issue with respect to the fracture surfaces in 
m-FLG composites that supports this statement is that the microcavities 
opening along the interfaces between the nanostructures and the matrix 
during fracture, creating a microscopic gap between the FLGs and the 
ceramic grains, are more significant in FLG-filled composites when the 
nanostructures are dispersed by wet milling (Fig. 3). Additionally, the 
presence of overlapping FLGs leads to a lower reinforcement effective
ness of ceramic-matrix composites because the contact area at the 
interface of the nanofiller and the matrix diminishes as well as the 
friction forces [36]. These mechanisms will be deeply analysed in sec
tion 3.2.2. 

3.2.2. Influence of GBN aspect ratio and content 
To analyse how the aspect ratio and content of GBNs can affect the 

mechanical properties of the ceramic matrix composites, the flexural 
strength and elastic modulus of the FLG samples were compared to those 
of the e-GNP and GNP ones. These values are shown in Fig. 4. The 

properties of 3Y-TZP are included for comparison. 
The results show that the flexural strength of the composites filled 

with e-GNPs (Fig. 4a and b) increases slightly to 1030 ± 100 MPa, 
compared to the ceramic matrix, when the filler content is 1 vol%, and 
reaches a maximum value of 1137 MPa (Table 1). However, above that 
percentage, it diminishes ~25 and ~43%, for e-GNP contents of 2.5 and 
5.0 vol%, respectively. A similar tendency is obtained for the elastic 
modulus, where 1 vol% reinforced-composites are slightly stiffer than 
the 3Y-TZP ceramic, but higher contents cause a diminution of the 
stiffness. A similar behaviour has previously been observed in Al2O3- 
WC-TiC ceramic composites [35], where an improvement in flexural 
strength was observed with a maximum value at a GNP content of 0.5 
vol% followed by an abrupt decrease for higher percentages. The 
detected diminution, in that case, was attributed to the presence of 
overlapping GNPs (sizes ranging from 0.5 up to 5 μm) and agglomerates, 
leading to the appearance of pores, degrading the mechanical perfor
mance of the material. 

The existence of a critical nanofiller content has been found in not 

Fig. 4. Flexural strength and elastic modulus of (a, b) e-GNP, (c, d) GNP, and (e, f) FLG-based composites. The results for 1.0 and 5.0 vol% e-GNP have been 
previously published [37], but have been included for comparison. 
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only flexural strength, but also in toughness. Bobylev et al. [38] reported 
that the use of contents above 5 vol% induces clustering, which is the 
main reason for the observed decrease. Sun et al. [39] also agree with 
this idea, as they stated that higher contents than a critical threshold 
give rise to a low-quality degraded dispersion and an insufficient grain 
boundary surface to adequately host the GBNs. 

Unlike the trend observed for e-GNPs, when using GNPs as filler 
(Fig. 4c and d), no enhancement in flexural strength was observed. 
However, an increase in the GNP content has no detrimental effect, 
keeping the flexural strength value mainly unchanged. This can be 
attributed to the combined higher lateral size and thickness of the GNPs, 
related to e-GNPs, as thicker GNPs are rigid and can favour the 

Fig. 5. SEM micrographs of the fracture surface of (a, b) 3Y-TZP and (c–j) GBN-based nanocomposites: (c–f) e-GNP with contents of (c, d) 1.0 vol% and (e, f) 5.0 vol 
%; and (g–j) GNP with contents of (g, h) 1.0 vol% and (i, j) 5.0 vol%. 
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formation of microcavities along the GNP-ceramic matrix interfaces 
during fracture propagation, as mentioned above for FLG composites 
(Fig. 5h). The flattened surfaces observed in the matrix after pull-out of 
the GBN may also be indicative of the low interfacial strength. 
Obradović et al. [40] obtained a similar trend in composites with GNPs 
with sizes similar to those used in the present work. They observed 
smooth surfaces in areas previously covered by GNPs in fractography, 
which they attributed to the weak interface formed between the filler 
and the matrix, favoring crack propagation along it. Results published 
by Li et al. [41] also showed that, GNP/3Y-TZP composites experience 
toughening by adding GNP content up to 1.0 wt% (~2.6 vol%), while 
flexural strength progressively decreases from 1089 ± 10 MPa down to 
975 ± 10 MPa up to fractions of 1.5 wt% (~3.9 vol%). 

In the case of the FLG-based nanocomposites, the flexural strength 
(Fig. 4e and f) slightly increases up to an FLG content of 2.5 vol%, 
reaching a value of 980 ± 270 MPa, with a maximum of 1304 MPa. This 
enhancement (Weibull scale and shape parameter are available for 
additional information in Table 1) can be due to both the presence of 
wrinkled FLG and the lower thickness compared to GNP-based 

materials. The presence of wrinkles in graphene nanolayers has been 
reported to cause an increase of three times in the force needed for the 
pull-out, compared to flat graphene nanoplatelets [42]. Consequently, 
wrinkled laminar structures could contribute to hinder debonding at the 
interface [43], although the presence of wrinkles at triple grain junc
tions can lead to inefficient load transfer at the interfaces if they act as 
2D pores in the composite [44]. 

Additionally, the improvement in flexural strength achieved by 
incorporating very low FLG contents was not as significant as some 
authors have reported [45]. The flexural strength obtained for com
posites filled with 0.1 vol% was 1000 ± 170 MPa, with a maximum 
value of 1132 MPa. 

As in the case of e-GNPs, a critical content was observed in FLG-filled 
materials. This critical threshold has also been noticed by several au
thors who analysed the mechanical behaviour of similar systems. Li et al. 
[45] studied the response of GNP-reinforced 3Y-TZP ceramic. Although 
the contents were lower than those presented in this work, below 0.1 wt 
% (~0.3 vol%), they reported that the addition of GNPs increased both 
the stiffness and the flexural strength. However, the increase seemed 
only feasible up to a content of 0.03 wt% (~0.1 vol%), which is 
generally below the electrical percolation threshold of these systems 
[28,46]. Li et al. [47] also found a slight increase in flexural strength for 
low graphene-based nanostructure fractions, lower than 0.2 wt% (~0.5 
vol%), in Al2O3–TiC matrix ceramic composites. In this case, the authors 
attributed the enhancement in the mechanical properties to the crack 
deflection, branching, bridging, and pull-out of the GBNs, as well as the 
refinement of the grain size. 

To further analyse the mechanisms that take place, Figs. 5 and 6 
show representative SEM micrographs of the fracture surfaces after the 
flexural tests of the 3Y-TZP ceramic, and the materials filled with 2.5 
and 5.0 vol% GBNs. The fracture in 3Y-TZP occurs through both trans
granular and intergranular propagation (Fig. 5a and b). These mecha
nisms can also be observed in GBN-based nanocomposites (Fig. 5c–j and 
6). 

The incorporation of e-GNP into the ceramic matrix causes a slight 
reduction in the grain size, as mentioned before, which is perceptible 
from the fracture surfaces and has been previously reported by the au
thors [37]. Due to the small lateral dimension of the nanoplatelets, the 

Fig. 6. Fracture surface of FLG-based nanocomposites: (a, b) 1.0 and (c, d) 5.0 vol%.  

Table 3 
Roughness parameters of the fracture surfaces of GBN-based nanocomposites.  

Composite GBN content 
(vol%) 

Mean roughness depth, 
Rz (μm) 

Average roughness, 
Ra (μm) 

3YTZP – 0.60 ± 0.04 0.16 ± 0.01 
FLG 0.1 – – 

1 1.3 ± 0.4 0.37 ± 0.07 
2.5 1.33 ± 0.13 0.39 ± 0.01 
5 1.4 ± 0.4 0.41 ± 0.09 

FLG-1300 2.5 – – 
m-FLG 2.5 – – 
m-FLG- 

100 
2.5 – – 

e-GNP 1 0.47 ± 0.05 0.13 ± 0.02 
2.5 0.53 ± 0.05 0.14 ± 0.02 
5 0.94 ± 0.16 0.24 ± 0.04 

GNP 1 1.15 ± 0.19 0.31 ± 0.08 
2.5 2.03 ± 0.5 0.46 

±0.07 
5 1.14 ± 0.14 0.31 ± 0.05  
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effective number of e-GNPs incorporated into the matrix is higher, 
compared with those of the other materials with the same GBN vol% 
analysed in this work, resulting in a more significant grain size refine
ment. In these composites, crack deflection and branching can be 
observed as dominant mechanisms to hinder crack propagation 
(Fig. 5c-f). Due to the high effective number of e-GNPs and their random 
orientation, tortuosity of the crack pathway is more accused than in the 
other cases, as the crack deviates when encountering an e-GNP, which 
contributes to the enhancement of the flexural strength. The deviation of 
the cracks occurs at a microscopic scale at short distances, resulting in 
relatively smooth fracture surfaces with Ra values of 0.12–0.24 μm and 
Rz below 1 μm. 

In contrast, the fracture surface of GNP-based composites (Fig. 5g-i) 
shows significant GNP pull-out, which is the result of a weak bonding 
between the filler and the 3Y-TZP matrix [48] together with the flat
tened surface of adjacent ceramic grains already mentioned above. This 
is related to the combined high lateral size and thickness of the GNPs 
already mentioned above, which favours the formation of microcavities 
at the interfaces between the GNPs and the 3Y-TZP matrix during frac
ture and, consequently, the pull-out. The pores tend to appear at the 
vicinities and along the GBNs, which are placed in the grain boundaries, 
and act as the origin of the fracture [36]. This mechanism becomes more 
significant as the GNP content increases and seems to be the responsible 
for the flexural strength decrease previously stated, as cracks can easily 
propagate throughout the interfaces. Because of the pull-out and prop
agation of cracks throughout the interfaces of larger lateral size GNPs, 
related to e-GNPs, the roughness of the fracture surface (Table 3) in
creases up to ~0.31 and ~1.15 μm for Ra and Rz, respectively. Mar
kandan et al. [18] also observed GNP pull-out as the dominant 
mechanism for crack deflection and toughening due to the formation of 
agglomerates for a GNP content greater than 2.0 wt% (~5.2 vol%). 

For the FLG-filled composites, at low contents, the fracture surfaces 
are similar to those of the monolithic 3Y-TZP (Fig. 6a and b), where 
transgranular and intergranular crack propagation are the main mech
anisms. Although some FLG pull-out can be seen, it seems that it has no 
detrimental effect on the flexural strength. The reason could reside in 
the FLGs with high LGBN, which locate covering groups of ceramic grains 
and present a wrinkled structure, promoting an anchoring effect. As a 
result of the wrinkled structure, the friction forces increase and so does 
the energy needed for crack propagation [49]. Although the FLG LGBN 
and fracture surface roughness parameters are quite similar to the ones 
of GNPs, it is the lower thickness of the FLGs the key point in the flexural 
strength enhancement observed for contents below 2.5 vol%, since it 
allows the nanosheets surrounding the ceramic grains to be more flex
ible and adapt more closely to their shape, which seems to avoid the 
presence of microcavities at the interface between the FLGs and the 
ceramic matrix and makes difficult pull-out. 

Due to the preferential orientation of the FLGs, crack deflection 
along the interfaces between the nanofiller and the 3Y-TZP occurs nearly 
perpendicular to the direction of the applied force. This is probably also 
contributing to the resultant strengthening described above. However, 
with higher FLG contents, pull-out becomes the dominant mechanism 
due to the reduction of the mean free path between the FLGs, which 
reduces the size of ceramic regions surrounded by FLG, and to the 
overlapping of the nanostructures (Fig. 6c and d). The lower distances 
between FLGs, the more connected network, and the presence of 
microcavities due to overlapping make crack propagation easier as it can 
move between the two phases along the weak interfaces creating three- 
dimensional paths [50]. 

It has been likewise found by Ahmad et al. [51] that the presence of 
folded graphene-based nanostructures and interconnected networks 
located at the grain boundaries favour crack propagation due to sliding 
in the basal plane. This grain boundary sliding has also been reported by 
Liu et al. [52] for rGO composites due to the weak bonding with the 
ceramic matrix, which promotes rGO behaviour as a lubricant network 
along the grain boundaries. 

Similar results are obtained in the of biaxial strength, as observed in 
Fig. 7, where the results of the three composites with 2.5% composites 
are compared with 3YTZP. All samples presented values of biaxial 
strength in the 750–1000 MPa range, with a large scatter due to, prob
ably, the inhomogeneities of the microstructure, as discussed before. 
Therefore, it can be concluded that the strength of the reinforced zir
conia samples has values comparable to those of the unreinforced 
samples. 

While the thicker fillers (GNPs) caused a decrease in the flexural 
strength for all the contents, the thinner ones (FLG) slightly strength
ened for contents below 2.5 vol%. A similar effect than that of FLG was 
caused by the fragmentation of the GNP (e-GNP). Due to the lower 
thickness, they better accommodate along grain boundaries and 
enhance interfacial strength. 

Although no significant enhancements in flexural and biaxial 
strength were found in the present study, the significance of the analysis 
reported in this work relies on the establishment of the maximum 
nanofiller contents as well as the best-fit geometries of GBNs to obtain 
multifunctional ceramic composite materials without a detrimental ef
fect on the strength. It is well known that the addition of GBNs to 
ceramic matrices is interesting for applications where electrical and 
thermal conductivities are a priority [53,54], as already mentioned. 
Additionally, tribological properties are considerably improved due to 
the creation of a self-lubricating surface [55] when using relatively low 
filler contents. 

4. Conclusions 

An analysis of the flexural strength, biaxial strength, and fracture 
mechanisms of different GBN-based 3Y-TZP composites was carried out. 
Composites with FLG dispersed via bath sonication showed a slight in
crease in flexural strength and elastic modulus compared to the ceramic 
matrix up to a content of 2.5 vol%. However, the use of wet milling as 
the dispersion method led to a less dispersed filler (m-FLG), which 
resulted also in a lower interconnectivity between the FLGs and a sig
nificant opening of microcavities during fracture at the nanofiller-matrix 
interfaces. This induced a reduction in flexural strength. The different 
sintering heating rates used in this work did not show perceptible 
changes in mechanical properties. On the contrary, the increase in the 
sintering temperature of 100 ◦C, which made the composite with 2.5 vol 
% electrically conductive enabling multifunctionality, led to a slight 
decrease in flexural strength, which could be due to a slight increase in 
grain size and residual stresses. 

The flexural strength and the elastic modulus of the composites filled 
with e-GNPs and FLGs was found to slightly increase up to filler contents 
of 1.0 and 2.5 vol%, respectively. This behaviour was attributed to the 
increase in the effective number of GBNs incorporated into the matrix, 

Fig. 7. Biaxial strength of GBN-based composites (2.5 vol%).  
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the higher interfacial strength, and the higher tortuosity of the crack 
propagation paths due to deflection and branching. Above these filler 
contents, pores appear as a result of overlapping GBNs and agglomer
ates, promoting easier pull-out of the nanoplatelets, and thus leading to 
lower flexure strength values. 

The incorporation of thicker GNPs with higher lateral size caused a 
decrease in both flexural strength and stiffness, probably due to the flat 
ceramic grain areas adjacent to the GNPs and low interfacial strength, 
which could also facilitate the GNP pull-out, and thus the crack propa
gation along them. 
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