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Abstract

Multiwalled carbon nanotubes (MWCNTS) have been widely considered for mechanical reinforcement of
ceramic matrix composites. Nevertheless, the efficiency of this reinforcement strategy is under debate due to
fabrication issues, such as a good homogenization or the location of the MWCNTSs inside the matrix composite.
Regarding this, the intragranular location of the MWCNTS has been deemed a crucial feature for optimizing
the reinforcement compared to the typical intergranular placement achieved by conventional procedures.
Recently, the sol-gel method has been reconsidered, as it promotes the intragranular placement of the
MWCNTSs. This work presents the mechanical characterization of these composites synthesized by the sol-gel
method, where crack-bridging has been revealed as toughening mechanism. Finally, the conventional use of
the bibliographical Young’s modulus of pure alumina for the estimation of the fracture toughness is discussed,
obtaining significant improvements of the fracture toughness when indentation measurements are treated by

considering elastic moduli obtained by nanoindentation.
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1 Introduction

The idea of using pseudo one-dimensional fillers for materials reinforcement dates back to about 4000
BC, where materials, like straw, were used to reinforce mud bricks [1]. Nowadays, the preparation of ceramic
matrix composites (CMCs), through the inclusion of low-dimensional materials, such as nanofibers,
nanotubes, or nanoplatelets, is being considered as a strategy for toughening and mechanical enhancement
of materials [2,3]. The aim of this strategy is to improve the inherent fragility of ceramics that has hindered
their use as structural materials. Thus, most research efforts have been especially targeted to increase their
fracture toughness. Low-dimensional carbon allotropes, such as carbon nanotubes (CNTSs), nanofibers, or
graphene nanoplatelets, are very popular for reinforcement purposes, owning to their outstanding mechanical
properties, good thermal stability, and chemical inertness [1]. A superior Young's modulus, or tensile
strength, makes CNTs perfect candidates to be incorporated into the ceramic matrix in order to overcome
the previously mentioned fragility. For example, CMCs doped with multiwalled carbon nanotubes
(MWCNTSs) have been reported to exhibit increased room-temperature mechanical properties, such as
fracture toughness and wear resistance [4,5]. However, there are also several reports questioning these claims
of mechanical enhancements resulting from the introduction of these embedded phases in the CMCs, where

significant worsening of the mechanical behavior is observed [3,5-8].



Basically, three specific features cause controversy regarding the mechanical reinforcement of CMCs
through the inclusion of carbon allotropes [9,10]. First, the reinforcing phase is often inhomogeneously
distributed at the nanometer scale. Stable suspensions of CNT dispersions are difficult to obtain due to strong
Van der Walls interactions that lead to the formation of bundles and entanglements [11,12]. These poor CNT
dispersions within the ceramic matrix lead to mechanical weakening. Furthermore, the presence of non-
dispersed CNTSs, which form aggregates in the CNT-reinforced CMCs, have also produced residual pores
and defects that reduced the mechanical resistance. Secondly, the reinforcing phase is inefficiently located
within the matrix. Typically, the reinforcing phases are located around the grain boundaries [2,13], but this
placement severely limits possible improvements achieved in the fracture and wear properties given that the
toughening mechanisms of the composite, such as crack-bridging and the CNTs pulling out, may be limited
or may not directly appear [9,14,15]. Lastly, weak bonds between the carbon allotropes and the ceramic
matrix have been stated as a reason for unsuccessful reinforcements [16]. Therefore, the existence of close

interactions between CNTs and alumina, such as strong interfacial bonding, [17,18] is desirable.

The fabrication of composites that fulfill the aforementioned structural prerequisites deserves special
attention, as synthesis strategies are currently a major challenge in materials science. In this regard, large
efforts are being invested into achieving homogeneous and stable liquid suspensions of low-dimensional
reinforcing phases to ensure homogeneous dispersion of the precursors [2,19]. Among all the synthesis
strategies, the sol-gel method has been considered for ceramic fabrication [20,21], and more recently, for the
fabrication of alumina-based CMCs with CNTSs [9,14,15]. The aim is to achieve a good dispersion of the
CNTs by a rapid, controlled gelation though the use of liquid precursors, control of the pH, and the assistance
of high-power ultrasound [22]. In addition, this method may promote intragranular placement of the CNTSs,
as they are present during the very first steps of the formation of the ceramic grains [9,14,15]. Finally, the
sol-gel method may also enhance the formation of interfacial bonds between the CNTs and the ceramic

matrix through the use of functionalized CNTs and metallic hydroxides or alkoxides as precursors [23].

Hence, the fabrication problems associated with the inclusion of carbon allotropes in CMCs leads to
erratic results and disparities regarding the reinforcement effect. Therefore, a very large distribution of
reported mechanical results can be found. For example, values of fracture toughness spanning from 2.95
MGf ! to 9.7 MGf [10,24] have been published, a priori, for similar composites. Surprisingly, an enormous
discrepancy is even found for the pure alumina reference samples, in which reported values of fracture
toughness span from 2.2 MGf to 5.7 MGf [25,26].

! Based on Prof R. Chennamsetti’s suggestion, the use of the unit “Griffith” (Gf) is proposed in substitution of the awkward

classical magnitude Pa-mY2, where 1 Gf = 1 Pa-m'2, as a tribute to the mechanical engineer Alan Arnold Griffith (1893-1963).
Griffith was known in the field of fracture mechanics for his pioneering studies on the nature of stress and failure due to crack

propagation in brittle materials.



Regarding the measurement of fracture toughness, the possible sources of disparity can be found, not
only in the differences among the synthesis processes employed or the different precursors considered, but
also in the characterization protocols and models considered for the toughness measurement. The two most
popular methods for the measurement of the fracture toughness, namely Single-Edge Notched Beam (SENB)
and Vickers Indentation Fracture (VIF), require very different sample sizes, geometries, and models for the
interpretation of the experimental results. VIF method asses the indentation fracture resistance (Kier), a value
absolutely correlated [27,28] with fracture toughness (Kic), commonly referred as the same thing. This
method starts with the measurement of microindentation prints, cracks lengths, and samples hardness,
followed by the consideration of a specific fracture model, in which bulk values, such as hardness and elastic
modulus, are required. Typically, researchers use the measured hardness value of each sample. However,
they typically use the same elastic modulus for all CNT compositions, which may be an oversimplification.
In order to improve the reliability of the VIF method, the use of an actual Young’s modulus of each sample

would be recommended.

In this work, the mechanical characterization of a-Al,O3; matrix composites with MWCNTSs synthesized
by the sol-gel method and structural characterization of the cracked samples is reported. Values of Vickers
hardness and indentation fracture resistance, measured by VIF, and elastic modulus and hardness, obtained
by nanoindentation, are shown for alumina composites with up to 5wt.% carbon content of MWCNTS.
Finally, instead of using the bibliographical Young’s modulus for pure alumina, the actual elastic modulus
of the composites, obtained by nanoindentation, are used for the assessment indentation fracture resistance,

and the classical procedure for the calculation of Kigr is discussed.

2 Materials and methods

2.1 Sample synthesis and preparation

Samples were prepared following a procedure based on a report by Barrera-Solano et al. [15,21].First, a
commercial boehmite (AIOOH) sol (Nyacol Nano Technologies, Inc., density = 1.14 g/cm?) and the required
amount of OH-functionalized MWCNTSs (Nanostructured & Amorphous Materials, Inc., purity > 95%, inner
diameter: 3-5 nm, outer diameter: 8-15 nm, length: 0.5-2 um, regarding the supplier, confirmed by TEM)
were directly mixed. Then, the MWCNTSs were dispersed into the sol with the application of high power
ultrasounds (~15 min, 50 W) to achieve maximum dispersion. Once the MWCNTSs bundles could not be
optically distinguished, NH3s@® (Panreac, pH = 11.6) was added to the dispersion, and rapid homogeneous
gelation occurred (~1-2 min.), minimizing possible MWCNT aggregation during gelation. Gels were dried
(40 °C, 2 days), milled in an agate mortar, and sieved (< 212 um). Boehmite-MWCNT composite powders

were calcined under an inert argon atmosphere (to prevent MWCNTSs burnout) for 1 h (heating ramp: 10



°C/min) at 600 °C to promote dehydroxylation of the aluminum hydroxides and to remove moisture and
other possible undesirable traces present in the as-prepared gels. Calcination at 600 °C resulted in y-Al,Os3,
as expected from the thermal transformation sequence of aluminum hydroxides into metastable alumina
polymorphs [29]. This feature was monitored by XRD and published in a specific research work that can be
accessed in ref. [15], together with more details about the synthesis procedure and additional structural
characterization of the composite powders. Carbon contents of the samples were 0 (pure alumina sample,
reference), 1.0, 2.0, and 5.0 wt.%. With X describing the carbon content, the samples were named BSE-X.

Fig. 1 illustrates the complete process.
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Fig. 1. The synthesis procedure of the precursor powder is summarized in this sketch. More details can be found in [15].

The sintering of these powders was performed by Spark Plasma Sintering (SPS), also called Pulsed
Electric Current Sintering (PECS) [30], using a Dr. Sinter Lab Inc. device (Model 515 S, Kanagawa, Japan,
pulsed high DC current, 0-1500 A) at 1300 °C for 5 min with 75 MPa of constant uniaxial pressure (heating
ramp: 100 °C/min, cooling ramp: 50 °C/min). These parameters have previously been successfully used for
the sintering of alumina [31]. During the sintering process, shrinkage and temperature were recorded.
Sintered samples were extracted from their graphite die of the SPS device, and thoroughly prepared for
micro- and nanomechanical characterization following the RCEP protocol (rectifying, cutting, embedding
and polishing) (0.5 um diamond slurry), yielding polished surfaces on which micromechanical properties

can be measured. In Fig. 2, the samples are shown for the steps described above.



Fig. 2. Samples along the steps of the RCEP preparation protocol. From left to right: CNT-alumina powder after
milling and sieving, sintered disc-shaped sample covered with graphite protective wrapping layers for SPS,
rectified sample on glass sample holder, rectangular prism sample cuts, embedded sample prism in transparent
thermoplastic acrylic mounting material, and polished sample ready to indentation tests. A 0.10 € coin has been
used for size reference.

2.2 Mechanical characterization

In order to assess the presence of toughening effects due to the addition of CNTSs, a proper comparison
of the mechanical properties in this set of samples was performed by Vickers indentation tests. These tests
were performed in a Buehler Wilson® VH1150 Micro Vickers Hardness Tester device with a load of 10 kp
(98N) and a 5 s dwell time in series of at least ten indentations for statistics. Fracture toughness, K, was
estimated from the indentation fracture resistance, Kier. These values were obtained by the VIF method with
the help of Shetty’s model for median cracks, that has been proved as the most accurate equation for alumina

polycrystalline ceramics [28]:
K. = 0.023(E/H)Y?P/c3/?, (1)

in which E and H are the elastic modulus and hardness, respectively. P is the applied load, and c is the length
of the crack from the center of the print. More details of the indentation fracture resistance calculation can
be seen in [32]. The area of the indentation prints and the length of the cracks were measured by optical
microscopy with a x20/0.40 objective and a CCD camera with digital zoom. Good resolution of the optical
microscopes was remarked as a major feature for reliably assessing Kiez values by VIF tests [28,33].
Scanning electron microscopy (FEG-SEM, Hitachi S5200) with an acceleration voltage of 5 kV, was used

to explore the nanostructure of the samples and the cracks due to indentations.

Finally, nanoindentation tests were performed with a Micromaterials Nano Test platform device, using a
Berkovich diamond tip. Indentations of depths between 200 and 800 nm were performed in a series of 25
indentations for statistics, using a load/unload ramp of 2 mN/s. Load-depth curves were analyzed using the
Oliver and Pharr method [34], and they were used to determine the relative elastic modulus and

nanoindentation hardness.



3 Results and discussion

3.1 Densities

The density of the synthesized sample series was measured by Archimedes’ method, using 3.985 and 2.1
g/cmd as the reference theoretical bulk density for pure alumina [35] and the MWCNT content, respectively.
The theoretical densities of the biphasic composites have been estimated, weighting the two densities,

according to the wt.% of each phase, as shown in eq. (2):

P1 P2

P1%+P2(1—%)

Pth = ’ (2)

where p1 and p» are the theoretical densities of the matrix composite and the secondary phase, respectively,
and X is the wt.% of secondary phase in the composite.

Table 1
Density of samples

Sample MWCNTSs Weighted theoretical Relative
content (wt. %) bulk density (g/cm®) density (%)
BSE-O0 O 3.985 85.0+1.0
BSE-1 1 3.950 84.2+£25
BSE-2 2 3.918 86.8+1.1
BSE-5 5 3.814 85.4+22

The complete sample series exhibited low relative densities, around 85% of theoretical density regardless
the MWCNTSs content (see Table 1), probably due to the use of nanosized y-Al,Os as starting powder. This
feature is of major relevance regarding the mechanical properties of bulk materials and should be taken into
consideration when performing comparisons with other sample series. Though these relative low densities
and high porosities may indicate that lower mechanical values should be expected, the influence of the

presence of MWCNTSs in the mechanical properties can be explored.
3.2 Vickers hardness

Samples were indented with a Vickers tip at a P = 98 N load (HV10). The prints were examined by optical
microscopy, and the typical squared prints were revealed. Additionally, the size of the prints and the length
of the cracks at the corners were measured in order to evaluate the Vickers hardness and the indentation

fracture resistance, respectively. In Fig. 3, the typical print of Vickers indentations can be seen.



Fig. 3. Left: The optical image of typical squared Vickers indentation print and cracks emerging from print corners. Right:
Magnification of indicated area is shown; crack length for Kirr determination (“c””) and print diagonal (“a”) are also indicated.

The values of the hardness are shown in Table 2. As seen, hardness values are low in comparison to
typical reported values, as expected. Further, hardness is not significantly affected by the presence of the
CNTs. As a reference, a pure sample of full, nearly 100% dense monolithic polycrystalline alumina exhibits
a hardness between 15 and 20 GPa [4,8,25]. The decisive factor producing the low values for hardness is the
lack of densification, which describes the presence of significant porosities that reduces the volume exposed
to mechanical stresses. Some models correlate the porosity and the values of several mechanical properties
of the porous, brittle solid ceramics [36-38]. Typically, Young’s modulus, bending strength, or the hardness
of alumina exhibit a drastic decrease with an increase in porosity [39,40]. Using an empirical exponential

model, we are able to estimate the expected hardness of fully dense, pure alumina:
H=Hye P, (3)

where H is the hardness for a given porosity fraction p, Ho is the hardness at porosity zero, and b is a material
constant that should be adjusted from the study of different porosities. For the pure alumina sample described
in this work, H = 8.1 GPa and p = 15%. Therefore, we can estimate that for a sample of zero porosity, the
hardness Ho would be between 18.5 and 24.4 GPa, using the minimum and maximum reported values of b
= 5.5 [37] and b = 7.35 [39], respectively. Improvements in densification are, evidently, crucial for hard
composites.



Table 2
Mechanical values of the sample series
Sample  MWCNTs  Vickers cla Indentation ~ Young’s Nanoindentation  Indentation
content Hardness Fracture modulus Hardness Fracture
(wt. %) (GPa) Resistance?  (GPa) (GPa) Resistance P
(MGH) (MGf)
BSE-0 0 8.1+05 2224013  74+07 121+12 102 41+04
BSE-1 1 7.4+0.6 231+0.15 6.8+0.7 171+ 19 11+3 45+04
BSE-2 2 79+08 235+0.13 6.8+0.5 161 + 32 9+4 43+03
BSE-5 5 74+05 226+0.15 7.1+0.6 260 + 97 16 +6 57+0.5

2 Calculated with Shetty’s equation and pure alumina E = 400 GPa for all samples
b Calculated with Shetty’s equation and the corresponding measured E from nanoindentation tests

3.3 Indentation fracture Resistance

The measured values of indentation fracture resistance calculated by the VIF method and considering
Shetty’s formula (1) are listed in Table 2. These values are used to estimate the actual fracture toughness,
Kic. It is worthy to mention that in a porous material, densification under the indentor occurs, which
inevitably leads to less plastic deformation and indentation residual stresses, what could invalidate Shetty's
equation. However, we are focused on the comparison of the fracture toughness between this sample series,
in order to find its possible correlation with the presence of MWCNTS. As stated above, this indirect fracture
toughness measurement method consists of estimating the length of the crack produced at the corner of the
Vickers print for a given applied force. In this regard, post-indentation slow crack growth phenomena has
been ignored, since the time dependence of the mean crack length after unloading in alumina is negligible
(~1%) even one month after the indentation tests [33]. Each Kirr value resulted from the average of at least
ten indentations. In Shetty’s formula (1), the considered values of hardness and crack length are those
obtained by Vickers tests. On the contrary, the elastic modulus, E, has been taken from sources [35,41]; for
fully dense monolithic alumina, E ~ 400 GPa. Given that the actual Young’s modulus should be measured
for each individual sample in order to perform a rigorous use of the crack model, this is a questionable
practice commonly found in many works. Furthermore, the porosity and/or composition may be crucial

parameters affecting the value of E [41].

As a general consideration, there is no change on this parameter with the addition of the CNTSs.
Nevertheless, though densities from this set of samples are below 90%, the values of fracture toughness are
comparable to the values reported in the literature for these CNTSs contents, typically ranging from 3 to 7
MGT [7,42]. This set of results invokes contradictory ideas. On one hand, it may suggest that, given the direct
dependence of K¢ versus density [13], improvements in the fabrication procedures that lead to fully dense
samples will involve significantly higher fracture toughness values, as expected. On the other hand, however,
these values may be also affected by two artifacts: the presence of significant low hardness (H) values in the
denominator, due, principally, to low densities, and the high elastic modulus (E) of pure alumina artificially

used in the numerator.
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3.4 Nanoindentation

Nanoindentation, in which hardness and elastic modulus are measured simultaneously, is being
considered for the mechanical characterization and the measurement of the fracture toughness of the samples
[14,43,44]. In this work, the mechanical properties of the CMCs were also explored by this technique. During
the tests, the indentations penetrated between 200 and 800 nm. Considering the porosity shown in Table 1,
it is reasonable to think that the indentations have been performed on a surface with pores similar to the tip
size, being relatively easy to indent in a pore or bulk material. Nevertheless, this technique has been validated
for a large variety of materials, including ultra-porous materials, such as hybrid silica aerogels [45]. Thus,
in order to thoroughly assess the properties of the sample, the tests were performed in a repeated series of

25 indentations for statistics.

During an indentation, the total displacement of the tip is the addition of matrix and indenter deformation,

so the relative elastic modulus, E,, is given by

4)

where v; and v are the Poisson’s ratios, and E; and E are the elastic moduli of the indenter and sample,
respectively. The tip is made of diamond, with v; = 0.07 and E; = 1140 GPa, and we are working with alumina
samples, which have an estimated Poisson ratio of v~ 0.20 for 15% porosity (v~ 0.24 for the best case of
fully dense alumina) [41]. These values allow us to roughly ignore the term of the indenter in (4), and assume
that 1 —v?= 1. That is, we can consider E = E,. For more accurate calculations, for example, only considering
that vi? < 1 and retaining v = 0.20, we find that E = 1.48-E;, for E, = 400 GPa, or E =~ 1.05-E;, for E; = 100
GPa. This is an obvious result: when the elastic modulus of the tested material is a non-negligible fraction

of the indenter’s elastic modulus, the deviation between E, and E should not be ignored.
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Fig. 4. Relative elastic modulus (Er) and Hardness (H) obtained by Berkovich nanoindentations.
Vickers Hardness HV10 data from Table 2 is also represented for comparison. Error bars are one
standard deviation.

As shown in Table 2 and Fig. 4, the hardness values observed by nanoindentation are higher than those
obtained by Vickers tests in all cases. The principal cause of this discrepancy between the values may be
due to the applied load, which involves very different indentation depths, known as indentation size effect
[46]: the lower the load, the smaller the print, the higher the hardness. This effect is something that must be
taken into serious consideration when comparing different studies. On the other hand, the relative elastic

modulus presents an increasing trend with the carbon content, as it has been previously reported [14]
3.5 Indentation Fracture Resistance recalculated

As explained in the introduction section, the indentation fracture resistance of alumina-based CMCs is
classically obtained by the VIF method, considering Young’s modulus of the pure alumina from the literature
instead of the actual CMC’s modulus. Reliable and representative values of K are desirable to explore the
bulk elastic modulus for each composite. Among the many different procedures to obtain Young’s modulus,
in this study, we have measured this value for each sample by the nanoindentation technique (see Table 2).
Thus, despite the possible controversy due to the different length scales at which the different parameters
involved in the calculation are measured, namely hardness (H) at the micrometer scale and E at the
nanometer scale, it is feasible to calculate the indentation fracture resistance of samples, obtaining the values

shown in Table 2 and Fig. 5.
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Fig. 5. Indentation fracture resistance values of the alumina-based composites with different
MWCNT contents, calculated with Shetty’s equation using Young’s modulus from bibliography (m)
and obtained from nanoindentation tests (A ). The straight line shown is only a visual guide. Values
are averaged from at least 10 indentations. Corrected data from Satam et al [14] is also included
(V). Error bars are one standard deviation in all cases.

An increasing behavior of the fracture toughness with the MWCNT concentration has been found using
this technique combining a sol-gel route and SPS. Despite the obviously lower values compared to those
obtained with a constant E = 400 GPa, the pure alumina Ker result is more realistic and closer to the
previously reported values for alumina using several measurement methods [28]. Another study on
MWCNT-reinforced alumina, which was obtained by sol-gel method and published by Satam et al. [14],
also reported increasing values of indentation fracture resistance calculated with Young’s modulus from
nanoindentation tests (see Fig. 5). Satam et al. used Anstis’ formula for the evaluation of indentation fracture
resistance, so we have corrected those values using Shetty’s expression for a proper comparison of results.
This consistency in improving the indentation fracture resistance with the inclusion of carbon allotropes
through the sol-gel procedure supports this technique as a promising route for the exploitation of this

reinforcing strategy.
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3.6 Microstructure exploration

The analyses of the cracks in the samples by electron microscopy revealed very interesting features. At
first sight, the presence of grey dots in the polished surface (see Fig. 6) proves the high porosity mentioned
previously, confirmed by the low densities (Table 1). Besides, a good degree of homogenization was
observed as the presence of individual CNTs was easily verified, but it should be mentioned that MWCNT
bundles were also found, indicating the necessity of improved sample dispersion. Therefore, developing a
tool for real time measurement and quantification of the quality of CNT dispersions during sample
preparation is of paramount relevance, especially before and after gelation. This will ensure perfect
dispersion and the absence of coils and bundles that will eventually act as defects at the macroscopic scale,

affecting densification or fracture toughness.
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Fig. 6. SEM micrographs of different cracks produced during Vickers indentations. a shows evident porosity of samples. In b,
¢, and d pulled-out MWCNTS bridging both sides of the running crack are observed, revealing crack-bridging as a mechanism
hindering crack propagation. In ¢ and d, partial reorientation of MWCNTS perpendicular to the crack sides can be seen and is
highlighted by the curved, red double lines. In c, tensile-stressed MWCNT failure is shown by the white arrow.

However, the most startling feature is how intragranular CNTs were clearly seen in fracture surfaces
emerging from the bulk samples (Fig. 6). One goal of this kind of strategy for reinforcing composites
fabrication is the transfer of tensile loads from the ceramic matrix to the MWCNTSs. The toughening

mechanisms that may appear, especially in intragranular CMCs, are mainly crack-bridging and crack-
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deflection [13]. These mechanisms can be found easily in our samples by looking along the cracks produced
during the Vickers test, as shown in Fig. 6. MWCNTSs are acting as reinforcement bridges, “sewing” both
sides of the cracks, forcing the deflection of crack propagation (Fig. 6a and 6b), and eventually, failing (Fig.
6¢), where a significant amount of the crack propagation energy would be released. This is the mentioned
crack-bridging effect, and it would be eventually present in the composite response to the fracture
propagation independently of the fracture mode. The presence of these toughening phenomena explain the
increase of the recalculated indentation fracture resistance (section 3.4) of the samples with nanotubes.
Another remarkable fact is that all CNTs found in the cracks seem to be almost perpendicular to the crack
propagation direction due to the reorientation of exposed segments of MWCNTS, as indicated in the
micrographs in Fig. 6 and sketched in Fig. 7.

Crack
propagation ‘ l

’7[ MWCNTs NE
| Alumina ’ MWCNT -
| grains traction

L )| _ failure e
~ - = . < e

Fig. 7. This sketch highlights partial reorientation and traction failure of CNTs along crack propagation
between grains. Only intergranular fracture mode has been sketched, but the same idea is also proposed
for intragranular cracks.

4 Conclusions

Sample preparation needs urgent revision to improve the density and to adequately incorporate the
MWCNTSs within the ceramic matrix in order to obtain the highest mechanical values. The measurement of
every parameter present on an indentation fracture resistance equation is also vital for a realistic comparison,
even with samples of the same series. Though typical values of the indentation fracture resistance calculated
with the classical Young’s modulus of pure alumina from the literature are higher for all samples, the
recalculated indentation fracture resistance reveals an increasing behavior when considering the actual
elastic moduli of samples, obtained in this case by nanoindentation. Microstructural inspection by SEM
reveals the presence of new toughening phenomena such as crack bridging and crack deflection. These
mechanisms transfer tensile loads from alumina matrix to the reinforcement nanophase during the

propagation of the cracks, which explain the increasing behavior of recalculated Kier with MWCNT content.
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