
lable at ScienceDirect

Carbon 163 (2020) 169e177
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
High toughness carbon-nanotube-reinforced ceramics via ion-beam
engineering of interfaces

Christos E. Athanasiou a, **, Hongliang Zhang b, Cristina Ramirez a, Jianqi Xi b,
Tomonori Baba b, Xing Wang c, Wei Zhang a, Nitin P. Padture a, Izabela Szlufarska b, ***,
Brian W. Sheldon a, *

a School of Engineering, Brown University, Providence, RI, 02912, USA
b Department of Materials Science & Engineering, University of Wisconsin, Madison, WI, 53706, USA
c Oak Ridge National Laboratory, Oak Ridge, TN, 37830, USA
a r t i c l e i n f o

Article history:
Received 6 February 2020
Accepted 25 February 2020
Available online 4 March 2020
* Corresponding author.
** Corresponding author.
*** Corresponding author.

E-mail addresses: christos_edouardos_athanasiou@
szlufarska@wisc.edu (I. Szlufarska), brian_sheldon@br

https://doi.org/10.1016/j.carbon.2020.02.075
0008-6223/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

In nanocomposites, improved mechanical performance is critically linked to understanding and con-
trolling interfacial properties. In the work reported here, ion implantation is introduced as a newmethod
for tailoring the complex nanoscale interfaces between multiwall carbon nanotubes (MWCNTs) and a
ceramic matrix. The results show that surface layers of the nanocomposite with high toughness can be
created with C2þ ions. This enhanced toughening due to ion implantation is associated with large
compressive stresses in the MWCNTs and with significant changes in the carbon structure. These ob-
servations are consistent with molecular dynamics (MD) simulations, which indicate that partial
amorphization of the MWCNTs is enhanced by the compressive stress and confinement within the
ceramic matrix. This work opens up new opportunities for using ion implantation to create a new class of
exceptionally tough ceramic nanocomposites.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The fracture of multiwall carbon nanotube (MWCNT)-reinforced
ceramics resembles large fiber composites, where enhanced
toughening occurs primarily via fiber-bridging of cracks and energy
dissipation during subsequent fiber pull-out. In conventional
composites, tailoring the fiber-matrix interfaces is profoundly
important for achieving high toughness [1,2]. This microscopic
view of defining an interface is often challenging to apply to
nanoscale composites, where the distinction between the fiber, the
matrix, and the interface must be considered in light of the fact that
the entire reinforcement is within a few atomic spacings of the
matrix [3e9]. With MWCNTs it has been proposed that load
transfer is largely limited to the outer carbon layer, with very little
load carried by the inner layers because of the relatively weak
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interwall van der Waals interactions [3,4]. This leads to so-called
“sword-in-sheath failure” and limited energy dissipation during
fiber pullout. At the small length scales in nanocomposites there
are significant challenges associated with systematically studying
these mechanisms.

In the work presented here, ion implantation is used to con-
trollably introduce defects in MWCNTs in a way that leads to an
unprecedented increase in fracture toughness. Detailed analysis
reveals that ion implantation introduces both swelling and partial
amorphization in the MWCNTs, significantly altering the properties
of the ceramic/MWCNT interfaces. This finding opens up a new
avenue for tailoring these interfaces and designing ceramic mate-
rials with extremely high fracture toughness.

2. Experimental procedure

2.1. SiC/MWCNTs nanocomposite fabrication

Monolithic silicon carbide (SiC) and SiC/MWCNT nano-
composites were prepared by wet mixing and spark plasma sin-
tering (SPS). Initially, b-SiC nanopowder (NANO140601, MSE
Supplies, Arizona, USA) and 2 wt% of B4C (Grade HD20, HC Starck,
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Germany) were ball-milled (SiC balls media) for 24 h in ethanol to
obtain a homogeneous mixture. B4C was selected as a sintering
additive to improve solid-state densification. The nanocomposite
was created by adding 5 vol% of commercial multiwall carbon
nanotubes (MWCNTs) (PO240, Nanothinx SA, Greece). This
composition was selected based on prior work with other matrices
which shows that 5 vol% of MWCNTs produces relatively large
toughness increases without significantly altering other mechani-
cal properties such as the hardness and elastic modulus [8]. The
MWCNTs were dispersed in ethanol by 1 h sonication and poured
into a dispersion containing the corresponding proportion of
ceramic nanopowders in the same solvent. The mixture was then
stirred for 30 min and dried on a hotplate. This dry mixture was
then ground in an agate mortar, and densified by SPS (Thermal
Technologies LLC, Santa Rosa, CA, USA) in Ar atmosphere at 1800 �C
and 75 MPa pressure for 5 min to produce �3-mm thick, 20-mm
diameter discs.

The Archimedes method, with deionized water as the immer-
sion medium, was used to determine the densities as a percentage
of the theoretical value for a fully dense material [8]. The relative
densities of the monolithic SiC and the SiC/MWCNT nanocomposite
were found to be 97% and 95%, respectively. The average grain sizes
obtained from scanning electron microscope (SEM) images (inter-
cept method) were �200 nm for the monolithic SiC and �100 nm
for the SiC/MWCNT nanocomposite (see Supplementary Materials).
The difference indicates that CNTs inhibit grain growth, which has
been observed previously in other ceramic nanocomposites [7].
These SEM images, and transmission electron microscope (TEM)
observations presented in Section 3.3, did not show any obvious
evidence of MWCNT alignment. Furthermore, SEM (Supplementary
Material) and TEM (Section 3.3) observations showed that the
MWCNTs are uniformly distributed within the SiC matrix.

2.2. Ion implantation

Prismatic specimens of 5� 5� 1 mm3 where cut from each disc
and were polished to a mirror finish using routine ceramographic
techniques. Subsequently, the monolithic SiC and SiC/MWCNTs
nanocomposites were implanted with 2.0 MeV Hþ (proton) and
3.15 MeV C2þ (carbon) ions. Three different experiments were
performed for each case: two with carbon (low and high) implan-
tation and one with proton implantation (Fig 1a). In order to
quantitatively compare the damage in materials implanted under
different conditions (e.g., implanted species, energy), we used the
displacement-per-atom (dpa) concept. The dpa value corresponds
to the number of times an atom in the target material is displaced
for a given implantation fluence [10,11], and it can be determined
using the Stopping and Range of Ions in Materials (SRIM) code [12].
For the nanocomposite, the MWCNTs account only for a small
volume fraction which does not alter substantially the stopping
power of the ions in the material. Therefore, it is assumed that the
monolithic SiC and SiC/MWCNT nanocomposites exhibit very
similar dpa profiles. Since there is no model for MWCNTs in SRIM,
we assume that they have a similar density as graphite, and the
same displacement threshold energy (33 eV) as C atoms in graphite.
According to the SRIM calculation, the damage peak for 3.15 MeV
carbon ions in SiC is located 2.4 mm below the surface. The damage
level is relatively flat within the 1 mm range below the surface,
which is a so-called damage plateau. Based on these assumptions,
the dose in the damage plateau for low carbon, high carbon, and
proton implantation is 0.03 dpa, 1.0 dpa, and 0.04 dpa, respectively.
All three implantation conditions are expected to lead to the for-
mation of Frenkel pairs only, without extended dislocation loops
[13,14]. During the implantation, the ion flux was kept around
4.1 � 1012 ion.cm�2s�1. Therefore, the implantation time was about
16 h for the 1.0 dpa sample. The implantation temperature was
controlled by a heating stage and the temperature was 350 �C. The
implantation temperaturewasmeasured by a thermocouplewithin
the heated specimen stage and the temperature was controlled at
the target temperature with a variance of ±15 �C.

2.3. Microcantilever fracture testing

Microcantilever beams were milled using a focused ion beam
(FIB) system (Helios NanoLab 450, FEI, Oregon, USA) following the
work of DiMaio [15]. Close to the anchoring point of the cantilever,
a notch of about 1.2 mm depth (see Fig. 1b and Fig. 1c) was FIB-
machined using the lowest possible current (9.7 pA) of the in-
strument in order to eliminate any FIB-related artifacts. A nano-
indenter (Hysitron TI 900, Triboindenter, Minneapolis, USA)
equipped with a Berkovich tip was used to gently apply a point load
at the free end of the cantilever in load-controlled mode while the
load-displacement response was recorded. The fracture toughness,
KIC , was then estimated with a correlation that is based on the
characteristic peak load at beam failure, together with the di-
mensions of the beam and the notch [15]. The loading rates used
were sufficiently low to avoid introducing dynamic effects. The
microcantilever dimensions were (see Fig. 1c): W ~5 mm, L ~10 mm,
and T ~6 mm. Note that these dimensions are much larger than the
sizes of the SiC grains and the MWCNTs, thus a representative
polycrystalline microstructure is sampled during each measure-
ment. Ten fracture tests each were conducted for themonolithic SiC
and the high carbon-irradiated SiC/MWCNT nanocomposite. Five
fracture tests each were conducted for low carbon-irradiated SiC/
MWCNT and proton-irradiated SiC/MWCNT nanocomposites.

It is recognized that the tests on microcantilever used here are
only capable of providing approximate KIC values. ASTM standard
tests yield more accurate values but they require larger specimens,
and these methods cannot be used to study thin ion-implanted
surface layers, which is the focus of the current investigation.
Thus, although the microcantilever testing employed here makes it
possible to probe the fracture of these thin surface layers, the values
obtained from these measurements should be interpreted primar-
ily as a relative measure of the toughness.

2.4. Raman spectroscopy

The as-received MWCNTs and the SiC/MWCNTs nano-
composites, before and after ion implantation, were characterized
using a confocal Raman microscope (Alpha 300 Mþ, WITec, Ger-
many) with 532 nm irradiation. First large area scans of
10 � 10 mm2, 50 � 50 points, with integration time of 50 ms per
spectrumwere obtained. From these scans the MWCNT were found
and averaged. The ratio between the D and G band peaks provided
an estimate of the defect densities in MWCNTs, as follows:

nD
�
cm�2

�
¼ð1:8±0:5Þx 1022

l4L

�
ID
IG

�
(1)

where nD is the defect density, lL is the laser wavelength (in
nanometers), and ID and IG are the intensities of the D and G peaks,
respectively.

2.5. Transmission electron microscopy

The TEM samples were prepared by standard lift-out techniques
using a FIB system (Helios PFIB G4 FIB/FESEM, FEI, Oregon). To
protect the sample surface from damage during FIB preparation, a
3.0 mm Pt protective layer was deposited on the surface by two



Fig. 1. (a) Simulated damage profiles induced by ion-implantation in SiC. The peak damage for the carbon ion implantations is 2.5 mm below the surface. (b) Microcantilevers were
used to measure fracture toughness of the small volume affected by implantation [15]. The red region indicates the zone where fracture measurements were performed. (c) SEM
image of a micromachined cantilever. Right image shows FIB-milled notch. (d) Fracture toughness values for different ion-implantation conditions, for SiC with and without
MWCNTs. The maximum increase of 4.3 MPa.m1/2 was observed for SiC/MWCNT under higher C2þ ion-implantation conditions. (A colour version of this figure can be viewed
online.)
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steps: (i) 2 kV electron beam (low energy) was used to deposit a 1.0
mm Pt layer to avoid damage from ions deposition; (ii) a 12 kV ion
beam was used for the deposition of another 2.0 mm Pt layer. The
thinning process was sped up by high-energy ion beam (30 kV) at
the beginning and ended with a low-energy ion beam (2 kV) to
carefully remove the amorphous area generated in the former
stage. The sample was then thinned by nano-mill to a thickness of
about 60 nm. The samples (SiC grains andMWCNTs) were observed
in a TEM (Tecnai F30/FEG, FEI, Oregon, USA) with accelerating
voltage of 200 KV.
2.6. Molecular dynamics (MD) simulations

Preferential disordering of the carbon lattice in strained regions
of the MWCNTs, as well as defect-induced swelling, were evaluated
using MD simulations. Simulations were performed using LAMMPS
software [16], where interactions between carbon atoms in
MWCNTs are described by the adaptive intermolecular reactive
empirical bond order (AIREBO) potential [17]. Diameters of inner-
and outer-most walls of MWCNT were ~2.1 Å and ~57.4 Å, respec-
tively. The length of nanotubes was 98.45 Å, the interlayer distance
is ~3.26 Å, and the distance between two neighboring carbon atoms



Fig. 2. (a) Raman spectra of as-received MWCNTs and SiC/MWCNTs (as-sintered and
for different ion-implantation cases). The D and G bands are marked by dashed lines,
indicating the positions for as-received MWCNTs. (b) Measured bridging toughness
increase, plotted versus the residual stress. The light blue area represents literature D
Kbr
IC values with Al2O3 matrices [21e34]. These results strongly indicate that increasing

compressive stress in the MWCNTs increases the apparent fracture toughness. (A
colour version of this figure can be viewed online.)
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was 1.42 Å. The model MWCNT was placed in a periodic simulation
box with dimensions of 165.13 � 165.13 � 98.45 Å3, which is large
enough to avoid interactions among period images. MWCNTs were
first equilibrated at 600 K for 100 ps with a time step of 1 fs in an
isothermal-isobaric (NPT) ensemble with Nose-Hoover thermostat
and barostat at zero pressure. The effect of strain in the curved
regions of experimental MWCNTs is simulated by applying a uni-
form compressive strain along the radial direction of the MWCNT.
Specifically, the strained MWCNT was modelled by rescaling the
dimension of CNT along its radial direction, and then freezing its
outer-most wall in the equilibrium process, while the atomic po-
sitions along the axial direction are relaxed. The implantation-
induced defects were simulated by randomly inserting Frenkel
pairs (FPs) with 2%, 5%, and 10% concentrations in the MWCNTs.

3. Results

3.1. Mechanical behavior

As described in section 2.2. The monolithic SiC and the SiC/
MWCNT nanocomposite were implanted with either Hþ or C2þ

ions. These ion sources provide a convenient method to con-
trollably introduce defects in thematerial, thus providing a basis for
assessing the impact of these defects on the fracture toughness. The
resulting dpa profiles are shown in Fig. 1a. Low-energy Hþ im-
plantation produces a deeper implantation profile than heavier
ions with the same energies, but requires longer time to reach a
reasonably high dpa. The C2þ implantation introduces a significant
dpa, where the profile is restricted to a few micrometers from the
materials surface. A combination of high dpa and a thicker
implanted layer can also be achieved with other implantation ap-
proaches (i.e., neutron or boron implantation). Both of these ap-
proaches are potentially interesting, and could be pursued in future
studies. However, neutron implantation is experimentally chal-
lenging since it requires specialized facilities. Boron introduces an
additional element which might react with the SiC and complicate
interpretation of the results.

The fracture toughness of the small volume affected by im-
plantation was investigated with the microcantilever technique
illustrated in Fig. 1b and described in section 2.1. An SEM image of a
representative microcantilever is shown in Fig. 2c. For the mono-
lithic SiC prior to implantation, this method gives fracture tough-
ness values of 4.4 ± 0.1 MPa.m1/2, which is in good agreement with
the literature values obtained with standard testing methods for
larger specimens [18]. The unimplanted SiC/MWCNTs nano-
composite (Fig. 1d) shows a modest fracture toughness increase to
4.9 ± 0.2 MPa.m1/2. In these materials, an increase of
DKbr

IC ¼ 0.5 MPa.m1/2 due to fiber bridging and pull-out effects is
consistent with prior work on MWCNTs-reinforced ceramics [9].
The relative contribution from pull-out is still an open research
question. In particular, some work has proposed that only limited
energy dissipation occurs during the “sword-in-sheath” pullout
that is typically observed [3,4]. To streamline the discussion below,
the enhanced toughening observed in the composites is described
as the bridging toughness, DKbr

IC ¼ KIC � Km
IC , with the under-

standing that this also includes contributions from pull-out (where
Km
IC is the matrix fracture toughness).
Fig. 1d shows that ion implantation of monolithic SiC produces

modest increases in the fracture toughness values, by
0.7e1.3 MPa.m1/2 for the three conditions that were employed.
Implantation-induced swelling and related residual stresses are
well documented in SiC [11]. In a monolithic material this can
produce compressive stress in a surface region that is constrained
by the underlying bulk specimen, however, these stresses should be
reduced or eliminated in the FIB cut specimens, where the sample
thickness is comparable to the implanted depth. Thus, it is likely
that the modest increase in toughness observed in these single-
phase materials reflects internal changes in the SiC (which could
include residual stress effects at smaller length scales).

Much larger increases due to implantation occur for the nano-
composites. For the high carbon conditionsDKbr

IC ¼ 0.5 MPa.m1/2

increases by roughly an order of magnitude, from 0.5 MPa.m1/2 to
4.3 MPa.m1/2. This corresponds to a 102% total toughness increase
from the monolithic SiC material to the high carbon implanted
material. This is also the highest reported bridging toughness for
MWCNT-reinforced nanocomposites with randomly oriented
MWCNTs (based on measurements obtained with reliable large-
scale testing methods). The origin of this large fracture toughness
increase is an important question that arises from these results.

3.2. Implantation-induced swelling

Important information about the materials’ stress state is pro-
vided by the Raman spectra (Fig. 2a). The G-band is a fundamental
frequency of graphitic structures, and is thus used for normaliza-
tion [19]. The G-band shift to higher wavenumbers is associated
with the stress state of the material. In past work [20], a diamond
anvil was used to calibrate the G-band shift with the corresponding
applied stress on MWCNTs. Following these findings, the initial
shift of the G-band from the as-received MWCNTs to the sintered
SiC/MWCNT composite corresponds to 0.4 GPa. The additional shift
of the G-band toward higher wavenumbers after ion-implantation
shows that the stress significantly increases, up to 5.3 GPa for the



Table 1
Stress-induced by implantation estimated by Raman spectrum.

No implantation Proton implantation Low Carbon implantation High Carbon implantation

G-band (u�1) 1581 1589 1582 1600
Raman-shift based stress estimation (GPa) 0.6 0.8 1.1 5.3
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high C2þ case. Overall, the results in Table 1 show that
implantation-induced swelling produces large compressive
stresses in the nanocarbon reinforcements.

The swelling behavior was also confirmed through TEM. The
average inter-wall lattice spacing is obtained by measuring the
MWCNTwall thickness and dividing by the number of walls. For the
high carbon implantation the inter-wall distance increases from
0.348 nm to 0.364 nm. This expansion is consistent with the re-
sidual stress seen in the Raman data. The expected strain of 0.9%
due to the MWCNTs/SiC thermal expansion mismatch corresponds
(based on an estimated radial elastic modulus of 39 GPa for c-axis
oriented graphite [35]) to a thermal stress of approximately 2.1 GPa.
Interestingly, this is lower than the Raman-based measured value
in Table 1. However, the discrepancy is consistent with the
implantation-induced lattice expansion and partial amorphization
of the CNTs (seen in the TEM and the molecular dynamics (MD)
simulations discussed later in the manuscript). Indeed, a phase
change could have several relevant effects, including an increase in
the radial elastic modulus and/or volume expansion that is larger
than the lattice parameter increase observed by TEM.

Residual stress effects play an important role in the fracture of
MWCNT toughened ceramics [5]. Fig. 2b shows the measured
toughness values from Fig. 1d, plotted versus the residual stress in
the MWCNTs, where DKbr

IC is defined as the toughness increase
purely due to CNT contributions. This representation focuses
attention on the specific toughening mechanisms due to the re-
inforcements, and the corresponding enhancement that is provided
by ion implantation. This includes a point for the literature DKbr

IC
values with Al2O3 matrices where the residual stress is estimated
based on thermal expansion differences and the rule of mixtures
[5]. Note that these values are obtained from large-scale mea-
surements and are thus not identical to the same quantity obtained
with the microcantilevers. However, these results strongly suggest
that increasing compressive stress in the MWCNTs increases the
apparent fracture toughness. A logical interpretation of this trend is
that these stresses increase interfacial energy dissipation when the
MWCNTs are pulled out of the matrix.

3.3. Defect formation and amorphization

The relationship between the residual stress and the bridging
toughness is nonlinear (Fig. 2b). The large DKbr

IC toughness increase
due to high carbon implantation appears to reflect other contri-
butions beyond the thermal stress effect. Based on comparisons
with previous work, we propose that this is associated with ion-
implantation induced structural changes [10]. Furthermore, the
stress state determined from the Raman spectra and the TEM ob-
servations provide evidence of these structural changes. The ratio
Table 2
Impact of ion-implantation types in the cases of proton and carbon implantation and re

MWCNTs SiC/MWCNTs

No implantation No implantation

ID/IG 0.87 0.93
nD (cm�2) � 1012 1.95 2.08
Average distance between defects (nm) 7.2 6.9
between the D and G peaks is often used as a measure of the defect
densities in MWCNTs [10]. Table 2 reports the calculated defect
density and the corresponding average distance between defects.
The ID/IG intensities were calculated with Lorentzian peak fitting of
the D and G bands and found to increase from 0.87 to 1.03, going
from the as-received MWCNTs to SiC/MWCNTs. In the C2þ

implantedmaterials, the shift of the D-band to lower wavenumbers
may be due to a different defect “character” [36], however, this
assessment requires additional investigation.

Structural changes induced by ion-implantation were investi-
gated by electron microscopy. Detailed TEM analysis shows that
MWCNT segments appear to be shorter and thinner after the high
carbon implantation (Fig. 3a). This trend was verified with images
of more than 20 locations in both the implanted and unimplanted
materials. To interpret this effect, note that the electron beam
passing through the nanotubes also passes through some of the SiC
matrix. This makes it almost impossible to fully image the entire
length of a given CNT. Nevertheless, there are clear differences in
morphologies of CNTs before and after implantation. Before im-
plantation the CNTs have a visible average length of more than
142 nm and the diameters are very uniform, except for curved re-
gions. After implantation, the visible lengths were much smaller
(the average length is 46 nm based on 20 CNTs in the implanted
region), these segments appear to be straighter (which may be due
to the shorter lengths), and the interface between the SiC matrix
and CNTs is no longer uniform (see Fig. 3a). These differences imply
that disordered carbon regions have been created in the implanted
material. The amorphized segments are not visible in HRTEM,
which is why MWCNTs appear shorter and less curved in the
implanted samples. Based on this, it appears that the implantation-
induced disordering of carbon occurs preferentially in regions
where MWCNTs are bent. Preferential amorphization in curved
regions is presumably due to differences in the carbon structure. It
is also likely that CNTs are bent during the sintering process, such
that these regions are subjected to additional strains. Defects that
arise during CNT growth can also create curved CNTs. However, the
starting materials used in this study had low defect densities and
generally showed less bending than that observed after composite
processing (based on the TEM images). The fractured surfaces were
also examined using SEM. MWCNT pullout is clearly visible
(Fig. 3b). Although, quantitative results cannot be drawn,more than
30% decrease in the pullout length was observed for the high car-
bon ion-implanted specimens.

Carbon amorphization was not expected to occur with the ion
implantation conditions employed in this study. To investigate this
further, preferential disordering of the carbon lattice in strained
regions of the MWCNTs as well as defect-induced swelling were
evaluated using MD simulations. The equilibrated structures of
sulting defect density.

Proton implantation Low Carbon implantation High Carbon implantation

1.19 0.95 1.03
2.67 2.13 2.31
6.1 6.8 6.5



Fig. 3. (a) TEM image of the MWCNTs morphology inside the SiC matrix without (left) and with (right) implantation. (b) SEM image of the fractured surface. The pullout of the
MWCNTs is visible.
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unstrained and strained MWCNTs with different defect concen-
trations are shown in Fig. 4a. Surprisingly, compared with the un-
strainedMWCNTs, the structures of the strainedMWCNTs are more
disordered. In particular, as the defect concentration increases to
~10%, the nanotube becomes partially amorphous. These results
indicate that the strained CNTs are more likely to be disordered
under implantation, which is consistent with our TEM observations
showing the curved (strained) regions of MWCNTs to be disordered
in ion-implanted samples. Defect-induced disordering of MWCNTs
is also visible in calculated radial pair distribution function (PDF)
(see Fig. 4b). As the defect concentration increases, the intensity of
CeC peaks decreases. In addition, compared with the CeC peaks in
the unstrained MWCNTs, the intensity of peaks in the strained
MWCNTs is smaller and broader, which indicates that strained
MWCNTs will undergo disordering faster than unstrained
MWCNTs.

From our simulations we can also evaluate the strain distribu-
tion in the partially amorphized MWCNT. In Fig. 4c we can see that
the atomic strain in the amorphous region is significantly larger
than that in the crystalline region, suggesting that the carbon-
carbon bonds in the amorphous region are under tension. We
have also calculated average atomic volume and found it to be
larger in the amorphous region than in the crystalline region, which
further indicates that the amorphous region is in tensile state.
These results verify that amorphization of strained MWCNTs can
induce large tensile strain and thus may induce the swelling of the
samples.
3.4. Rising fracture resistance (R-curve) behavior

Overall, the combination of stress and structural changes leads
to a DKbr

IC that is more than double that reported for other ceramics
reinforced with randomly oriented MWCNTs [21e34]. This com-
parison is shown in Fig. 5a, based on literature values obtained with
only reliable large-scale testing methods (indentation measure-
ments were intentionally excluded, since this method is not
appropriate for ceramic nanocomposites) [37]. Most of the litera-
ture studies use Al2O3 matrices [21,23e34], and here almost all of
the reports are in the range DKbr

ICy1.5e2.5 MPa.m1/2. In compari-
son, the implanted values for the high carbon materials are
DKbr

ICy4.3 MPa.m1/2. It is also interesting that the toughness of the
unimplanted MWCNT reinforced SiC from our study is almost an
order of magnitude lower, which is comparable with the other
SiCeCeN/MWCNT composite [22]. This appears to be consistent
with the idea that large thermal stresses with the Al2O3 matrices
make a substantial contribution to toughening effects.

For the comparisons in Fig. 5a, it is important to note that the
microcantilever measurements that are performed on the nano-
composites provide a value of Kapp

IC that is expected to be a function
of the crack length (i.e., it is not a strict material property). This
occurs because the toughness increase here is associated with fiber
bridging that occurs over length scales that are a significant fraction
of the total crack length. To understand these effects, it is useful to
consider the R-curve response of the nanocomposites (where R is
the fracture resistance) [38]. This is illustrated in Fig. 5b, where
three regions are shown: (1) an initial toughness of 4.4 MPa.m1/2



Fig. 4. Results from MD simulations. (a) Snapshots of the equilibrated structure with
2%, 5%, and 10% Frenkel pair concentrations - unstrained and MWCNTs with 7.5%
compressive strain. Brown points are carbon atoms in the CNT, and blue points are
carbon interstitial defects. (b) Radial pair distribution function (PDF) at 600 K for CeC
pairing in unstrained and 7.5% strained MWCNTs at various Frenkel pairs concentra-
tions. (c) Strain distribution in partially amorphized MWCNTs. The average atomic
volumes in the amorphous and crystalline regions are shown in the table. (A colour
version of this figure can be viewed online.)

Fig. 5. (a) Bridging (DKbr
IC ) due to ion implantation in comparison with reported DKbr

IC
for ceramics reinforced with randomly oriented MWCNTs in previous works [21e34].
(b) Proposed model for rising R-curve consisting of three regions. The first region
corresponds to SiC matrix with the initial toughness of 4.4 MPa.m1/2; the second region
shows moderate toughening (short R-curve) due to MWCNT bridging; the third re-
gions represents the more substantial R-curve in the implanted material that corre-
sponds to bridging toughness of 4.9 MPa.m1/2.
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corresponding to the SiC matrix; (2) moderate toughening due to
MWCNT bridging corresponds to a short R curve; (3) a more sub-
stantial R-curve in the implanted material that corresponds to
bridging toughness of 4.9 MPa.m1/2. This response must be
considered to properly interpret microcantilever measurements
with the nanocomposites. In contrast, the bridging zones are much
smaller than the total crack length for the monolithic SiC micro-
cantilever measurements and the large-scale fracture measure-
ments with nanocomposites (i.e., the literature values in Fig. 5a).
Thus, for these cases R is essentially independent of crack length,
and the results are not substantially influenced by an R-curve
response. In previous microcantilever testing of MWCNTreinforced
ceramics an increasing R-curve was measured over approximately
onemicron of crack extension [39], which is a significant fraction of
the total crack length. Thesematerials were prepared with different
methods, but it is likely that bridging effects also occur over a
substantial portion of the total crack length in the experiments
reported in Fig. 1d. The impact of large-scale bridging on these
values is illustrated in Fig. 5b, where points RA and RB are shown
with dashed grey lines (representing stress levels sA and sB) that
are tangential to the R-curve. These points correspond to measured
toughness values for the non-ion implanted and ion implanted SiC/
MWCNTs. Unstable crack growth occurs when the stress reaches
these thresholds, which are likely to be below the actual bridging
contributions that occur under stable crack growth conditions
where higher steady-state R values are reached. Based on this
behavior, the nanocomposite DKbr

IC values obtained from micro-
cantilever measurements should be below the steady-state
toughness values.

The R-curve considerations outlined here imply that in general,
fracture in the ion implanted nanocomposites cannot be properly
characterized with a fixed KIC value. In principle the microcanti-
lever tests provide an appropriate toughness assessment because
they are conducted with crack lengths that are similar to the size of
the implanted region. However, the influence of the crack length
must be considered. This is equivalent to defining the R-curve for a
specific specimen.
4. Discussion

Residual stress effects play an important role in the fracture of
MWCNT toughened ceramics as evidenced in Fig. 2b. Based on the
Raman spectra, TEM and MD simulations, the high carbon



Fig. 6. Schematics of interfacial sliding. Ion-implantation creates defects and partial amorphization of the CNTs that leads to higher frictional forces (F) during MWCNT-pullout. As a
result, increased energy dissipation and higher fracture toughness are observed in the ion-implanted nanocomposite.
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implantation also leads to significant changes in the MWCNT
structure. In a prior study [10] we reported that implantation-
induced defects in high quality MWCNTs can decrease the
average fiber strength, however, the implantation conditions
employed were milder than those used here and there no evidence
of amorphization. Furthermore, the CNTs were ion-implanted
before being incorporated in the matrix material. This resulted in
lower stress during composite processing, and therefore, less
suitable conditions for amorphization.

Based on examining fracture surfaces there is some evidence for
shorter pull-out lengths from the high carbon implanted compos-
ites in the current study. Note that these are not necessarily
indicative of lower fracture toughness, since the potential increase
in interfacial sliding resistance discussed above can also lead to
shorter pull-out lengths [10]. Furthermore, the significant increase
in toughness in the ion implanted materials does not support the
idea that fiber strengths are substantially reduced. Based on these
considerations, the toughness increase appears to be mostly due to
increased frictional energy dissipation during pull-out. This
explanation is consistent with previous studies where compressive
stress was found to increase shear resistance between MWCNT
layers [3,4]. In conventional toughening models for fiber-reinforced
composites, this is analogous to an increase in the sliding resis-
tance, t [40e42]. This continuum parameter is typically viewed as
an interface property that is distinct from structural changes inside
of the fiber structure. This is nominally consistent with an increase
in t due solely to the compressive stresses that are discussed above.
However, the Raman, TEM, andMD results all show that substantial
changes are also occurring inside of the MWCNTs. Given their near-
atomic scale dimensions the substantial changes to the internal
MWCNT structure should also contribute to the interfacial prop-
erties that are described with t. In particular, it is likely that sliding
resistance is dictated bymore than just the outer carbon layer, such
that amorphization and increased defect densities in the MWCNTs
are likely to contribute to an increase in t. This is shown sche-
matically in Fig. 6.

This study indicates that near-surface damage can be used to
create a new class of high toughness ceramic nanocomposites with
improved performance in harsh environments. For example,
structural ceramics such as SiC in nuclear reactors receive high
implantation damage (~1 dpa/year), which usually leads to degra-
dation of mechanical properties. The work reported here shows
that mechanical properties of nanocomposites can instead improve
under irradiation/implantation. Thus, this approach can potentially
make the inherent radiation damage an asset, rather than a liability.

5. Conclusion

The results reported here demonstrate that ion implantation can
be used as a method to engineer ceramic/MWCNT interfaces. With
the higher carbon ion dosage that was used, the bridging toughness
(DKbr

IC ) for a SiC/MWCNTs composite increased by roughly an order
of magnitude. To our knowledge, this is the highest DKbr

IC increase
reported in any ceramic reinforced with randomly oriented
MWCNTs. Implantation-induced swelling produces large
compressive stresses in the nanocarbon reinforcements. This is one
likely cause of the increased toughness. Detailed TEM also shows
partial amorphization of the MWCNTs which is confirmed by MD
simulations. The combined effects of modifying the reinforcing
material’s structure and stress state lead to substantial increases in
energy dissipation that can be interpreted in terms of changes at
the SiC/MWCNT interfaces. The interfacial properties here appear
to be determined by more than just the atomic scale boundary
between the two phases, with toughness improvements that are
also due to the changes that occur inside of the MWCNTs.
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