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Recent progress in boron nitride nanotube (BNNT) synthesis has opened new possibilities for utilization of the attractive combination of the excellent mechanical characteristics and superb thermal and chemical stabilities of BNNTs for the creation of new
structural and functional reinforced materials. In this work we have applied metal ion implantation to prepare novel BNNT/metal
matrix composites. The resulting structures have been thoroughly studied by high-resolution transmission electron microscopy and
Raman spectroscopy.
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Most of the structural materials used in today’s
world are metals; the demand for their strength generally determines the overall construction weight. In this
paper we tested the utilization of superstrong multiwalled boron nitride nanotubes (BNNTs) for making
prospective metal matrix composites and present pioneering structural investigations with respect to these
newly emerging materials. BNNTs were chosen for such
composites because of their excellent mechanical properties, superb thermal and chemical stabilities, extremely
high heat resistance and thermal conductivity [1]. In
fact, the exciting mechanical properties of individual
multiwalled BNNTs have recently been documented
using state-of-the-art in situ transmission electron
microscopy (TEM) probing techniques [2–4]. These
challenging experiments have revealed unmatched
mechanical response to a tensile deformation, e.g. ultrahigh tensile strength, more than 30 GPa, and a Young’s
modulus of up to 1.3 TPa, were documented, as well as
outstanding ﬂexibility in bending.
The method of ion implantation has widely been used
to modify the surface properties of various materials, and
has recently been employed to tailor the properties of
nanomaterials. The main objective of these works was
to adjust the chemical, mechanical, electronic and optical
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properties of a given nanomaterial to suit the demands of
various technological applications. Typically, carbon
nanotubes (CNTs) have grabbed most of the attention.
Modiﬁcations of CNTs with nitrogen [5,6], sodium [7]
and silicon [8] ions have been explored. Only a few studies
have considered their non-carbon analogs (TiO2 and BN
nanotubes), and bombardment with light atoms, e.g. N,
Ar and He, has been reported [9,10]. To the best of our
knowledge, to date there has been no a single report
regarding the preparation of BNNT/metal composites
using metal ion implantation. We expected that as an outcome of such endeavors multiwalled BN nanotubes covered by a metal layer (and possibly ﬁlled by a metal) could
be obtained. Such material is envisaged to possess bulk
and surface properties attractive for many structural
and functional applications. In addition, it is believed
that this will become a convenient system for the complete investigation of metal–BN nanotube interfaces
and BNNT interactions with a given metallic phase.
Multiwalled BN nanotube samples for metal ion
implantation experiments and subsequent analysis were
deposited on standard amorphous C-coated copper
TEM grids 3 mm in diameter. Pure BNNTs were synthesized via the so-called boron oxide-assisted chemical vapor deposition) method and puriﬁed, as described in
Refs. [1,2,11]. Diluted suspensions were prepared via
BNNT ultrasonication in isopropanol at a 0.1 lg ml 1
concentration; a few drops of these suspensions were
then dripped onto the TEM grids. The samples thus
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obtained were placed in a vacuum chamber in front of
the implanter, at 100 mm distance from the ion acceleration zone. Three diﬀerent cathodes, namely a Ni-based
alloy (wt.%: 15–17Cr, 8.5–10W, 3.5–4Mo, <3Fe, 1.2–
1.5Ti, 1.2–1.5Al, traces of C, Si, Mn, S, P, Ce and B),
pure Ti and Al, were chosen for the initial experiments
in order to determine the optimal implantation conditions. Experimental parameters varied in the range 5–
30 kV for acceleration voltage (Uacc) and 5–30 mA for
ion current (I), as listed in Figure 1. In additional tests
the values of ion ﬂows and irradiation doses were estimated by measuring the temperature of a Ni plate
placed in the sample area, based on the assumption that
all the ion ﬂow energy is transformed into thermal energy. The mean Ti and Al ion charges were derived from
Ref. [12], whereas for the Ni-based alloy it was calculated according to the content of elements in the alloy.
Implantation-induced structural changes within
BNNTs were studied by high-resolution (HR) TEM
and Raman spectroscopy. Analysis was performed using
a 300 kV JEOL 3100FEF ﬁeld emission transmission
electron microscope equipped with an Omega Filter
and an energy-dispersive X-ray (EDX) detector. The
samples were also optically characterized using a Jobin
Yvon S 3000 Raman spectrometer equipped with a
514.5 nm Ar+-ion laser line for excitation.
The structural changes in BNNTs depend strongly on
both the energy of ions and irradiation doses. By varying the implantation conditions (I and Uacc), similar
irradiation doses for all samples (within the narrow
range of 3–6.3  1017 ion cm 2 for 10 min) were maintained. Since diﬀerent regions of BNNTs may receive
diﬀerent doses of irradiation due to a shielding eﬀect,
as shown in Figure 1, it was diﬃcult to establish a close
correlation between the obtained structures and energetic regimes. Nevertheless, a detailed TEM characterization after irradiation revealed a particular sequence
of structural transformations during energetic ion bombardment as described below.
Preliminary studies on high-energy metal ion implantation of a single-crystal Si with various metal targets
have revealed that, depending on the type of ions, there
is a metal concentration peak at a depth of 50 nm (Ti)
and 100 nm (Ni, Al, Cr). These distances are of the same
order of magnitude as the BNNT thicknesses utilized.
Thus these targets are perfectly suited for BNNT ionimplantation regime optimization.
HRTEM images of typical structures obtained at different ion implantation conditions are shown in Figure 2.
Pristine multiwalled BNNTs exhibit speciﬁc and highly
detectable morphology and structure (Fig. 2a). They are
straight, 50–100 nm thick hollow cylindrical structures
with the walls consisting of multiple parallel BN shells.
In the modiﬁed parts of the nanotube samples three major
structural types have been detected. TEM images and
schematic representation of such structures are demonstrated in Figure 2b–d. Under highly energetic implantation conditions (acceleration voltage 30 kV,
comparatively heavy Ni and Ti atoms) ﬁbers with a uniform amorphous-like structure covered by numerous
metallic particles 5–10 nm in size are seen as a result of
implantation. In certain cases the traces of surviving
BNNT inner channels are clearly seen within such ﬁbers

(marked by an arrow). Interestingly, the high-energy irradiation resulted in the localization of metal additives as
metallic particles both on the tube surfaces and inside
their hollow spaces. As the concentration of implanted
metal atoms increases, the probability of Me–Me collision events also increases, resulting in a rapid BNNT saturation with metal and formation of metallic
nanoparticles. When a lower acceleration voltage was
used (20 kV), continuous metallic coating was achieved
(Fig. 2c). In the latter case the contrast of the structures
obtained was much darker compared to the pristine nanotubes due to the increased scattering of electrons on heavy
metal atoms compared with light B and N atoms constituting the main tube body. In this case a rather uniform
distribution of metal species was documented. Comparatively low-energy metal ion impinging (acceleration voltage 10 kV, lightweight Al ions) usually generates a large
number of defects within tubular shells, resulting in the
formation of partially amorphous structures.
As in the low- and medium-energy regimes rather uniform metal–BNNT structures are typically formed, we
suppose that these regimes are promising for making
ultralight BNNT-reinforced composites using Al-based
alloys as the desired cathodes. In accordance with this
intention, Al implantation was performed at accelerating
voltages of 10–20 kV. Depending on the BNNT position
relative to the ion beam, as previously, various structural
modiﬁcations have been documented. TEM images of
Al-implanted BNNTs together with corresponding
EDX spectra are presented in Figure 3a–c. In many cases
BNNTs with preserved overall structure including the inner channel and multiple shells are still clearly seen in
Figure 3a. However, after the implantation, initially
straight outer shells of the nanotubes had been partially
amorphized due to metal penetration. Numerous darkcontrast areas seen in the TEM images (Fig. 3a) correspond to the nanotube areas experiencing signiﬁcant
stress ﬁelds introduced during Al implantation.
A representative TEM image of a BNNT completely
modiﬁed by Al ions is shown in Figure 3b. The EDX
spectra presented in Figure 3 indeed conﬁrm the presence of Al in the fabricated composite. In addition to
the peak that corresponds to Al, an oxygen peak is seen
in the spectra, implying at least partial Al oxidation. Often the nanotube crystalline structure was essentially
preserved (Fig. 3c), while the Al ions formed a continuous layer on its surface and penetrated into the tube inner channels. Such channel ﬁlling is evidenced by the
dark contrast in TEM images and the presence of an
Al peak in the EDX spectra.
In an attempt to shed additional light on the structural changes occurring within BNNTs due to metal
ion implantation, Raman spectroscopy was employed.
Although resonant conditions are reached within the
UV region, Raman spectroscopy with visible excitation
is also known to be a powerful tool to analyze BN materials and to obtain insight into their crystallinity [13–16].
Comparative Raman spectra of the nanotube samples
before and after Al ion modiﬁcations are shown in Figure 3d. Crystalline hexagonal BN materials are characterized by two features in the Raman spectra [13,14]: a
low-frequency mode at 52 cm 1 that is due to vibrations
of the entire BN planes sliding against each other; and a
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Figure 1. Ion-implantation parameters and schematics of high-energy ion modiﬁcation of BNNTs during ion implantation.
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Figure 2. (a)–(c) TEM images and EDX spectra of BNNTs after Al ion implantation at 10 kV and 10 mA. (d) Raman spectra of BNNTs before
(black) and after (red) Al ion implantation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Figure 3. Typical HRTEM images of BNNTs implanted with metal ions at an accelerating voltage of 10–30 kV and an ion current of 10 mA, and
corresponding schematic representations of BNNT structures after implantation.
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high-frequency mode at 1366 cm 1 that corresponds to
in-plane vibrations between B and N atoms. This band
was observed in both samples tested. The low-frequency
mode was not observable due to strong elastic scattering.
Additionally, in the Al-modiﬁed sample a minor and
broad feature around 1293 cm 1 appeared in the spectra.
Observation of similar downshifted features has been
reported for a row of semiconductors, diamond and
graphite [14,15]. According to the spatial correlation
model, in an ideal inﬁnite crystal only phonons near
the center of the Brillouin zone contribute to the Raman
spectrum due to the requirement of momentum conservation between phonons and photons (incident and scattered). In a real crystal, phonons can be conﬁned in space
by crystal boundaries and by a wide variety of defects.
This gives the phonon momentum uncertainty, allowing
phonons with non-zero moments contribute to the Raman spectrum. For most of the crystalline solids the
maximum phonon frequency of the highest branch is at
the U point. However, it has been demonstrated by Nemanich et al. that due to unusual dispersion curves in hexagonal BN an upshift of the 1366 cm 1 line takes place
before a decrease in the Raman shift due to a reduction
in the crystalline size [13,14]. Therefore, only highly disordered hexagonal BN samples are characterized by
downshifted high-frequency band.
Based on HRTEM and Raman spectroscopy results
we can thus conclude that metal ion implantation leads
to the partial amorphization of BNNTs. The presence
of both a high-frequency Raman mode at 1366 cm 1
and a downshifted broad feature at 1293 cm 1 indicates
that the samples are formed by two BN phases: crystalline
and amorphous-like. This, together with the above-discussed microscopic data, conﬁrms that the BNNT crystalline structure is at least partially preserved after the
implantation process, i.e. a suﬃcient portion of ordered
crystalline hexagonal BN covered by a nanocrystalline
or an amorphous phase remains in the ion-implanted
samples. Ni et al. [8] studied the structural changes of
CNTs produced by Si ion beam irradiation (40 keV,
1016–1017 ions cm 2) and reported a two-step process of
CNT transformation into solid amorphous C nanowires
via semi-solid amorphous C nanowires with hollow structures. Although these stages of transformation were also
observed in the present study, our results clearly indicate
that the crystalline structure of BNNT partially survived
after ion implantation, i.e. the sputtering of metallic targets did not aﬀect the inner structure of the BNNTs but
increased metal additive concentration on their surfaces.
To sum up, we investigated the inﬂuence of high-energy metal ion implantation on the structure of multiwalled BN nanotubes. Modiﬁcation of nanotubes was
carried out using Ti, Ni-based alloy and Al-implanted
ions. Variation of the implantation parameters led to
the diﬀerent metal morphologies/structures—nanosized
particles or uniform metal layers—growing on the nanotube surfaces. Diﬀerent stages of nanotube degradation
after ion implantation were detected by TEM. Implantation of comparatively light ions (Al) resulted in less
damage in BNNT shells compared to heavier Ti and
Ni ions. In order to achieve substantial implantation
of BNNT with metals, an irradiation dose of
1017 ion cm 2 was required. According to EDX spec-

troscopy measurements, in these conditions metal and/
or metal oxide phases appeared at the surface and occasionally in the inner BNNT channels. Raman spectroscopy conﬁrmed that in the regimes of implantation
selected as the optimal ones, the BNNT crystalline phase
had, at least, partially been preserved. We have thus
documented that by changing the ion-implantation
parameters it is possible to fabricate BNNT/metal composites with diﬀerent contents of BNNT crystalline
phase and controlled morphologies, structures and volume fractions of metal phase additives. Such novel composite nanomaterials are envisaged to be attractive for
many structural and functional applications, in particular as reinforced ultralight Al-based alloys.
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