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We investigate the interfacial interaction in titanium metal matrix composites (MMCs) reinforced with boron
nitride nanotubes (BNNTs) through in situ scanning electron microscopy nanomechanical pullout experiments.
The measurements reveal a stronger interface formed by Ti with BNNTs than carbon nanotubes (CNTs). Density
functional theory (DFT) calculations reveal that the observed interfacial strength is attributed to covalent
bonding formed on the metal surface that is partially oxidized due to passivation. Moreover, the composite

interface maintains its strength even after prolonged thermal annealing in air, which is in stark contrast to the
substantial degradation that occurs on the composite interface with CNTs. The complex interplay of metal
passivation on the interfacial interaction and reinforcement opens a new avenue of exploiting metal passivation
as an innovative active self-strengthening mechanism for nanotube-reinforced MMCs.

1. Introduction

The incorporation of nanofibers into metals holds great potential for
enhancing their mechanical properties, which is critical for a variety of
engineering applications, such as in the automotive, biomedical, and
aerospace  industries  [1,2]. The key to strengthening
nanofiber-reinforced metal matrix composites (MMCs) lies in the effi-
cient load transfer at the fiber-matrix interface, which allows the
nanofibers—like carbon nanotubes (CNTs) and hexagonal boron nitride
nanotubes (BNNTs)—to impart their superior mechanical properties, far
exceeding those of the metal matrix. BNNTs, in particular, are highly
attractive as MMC fillers due to their remarkable structural and me-
chanical properties, as well as their superior thermal stability compared
to CNTs. BNNTs can withstand temperatures up to 900 °C in air [3] and
over 1800 °C in inert environments [4], whereas CNTs begin to oxidize
at around 400 °C. Moreover, the covalent and partially ionic charac-
teristics of the B-N bonding result in a highly polarized electronic
structure, giving BNNTs a stronger binding affinity [5,6] than CNTs that
comprise neutral, covalent C-C bonds. This higher binding affinity
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enhances load transfer at the BNNT-metal interface. Complex
physio-chemisorption phenomena, including oxide formation on the
metal surface due to passivation and thermal treatment, play a signifi-
cant role in the interfacial bonding between nanofillers and metal
matrices [7-11]. This passivation effect is especially important for active
metals like titanium (Ti), which is known for its lightweight and high
strength, making it an important aerospace material. However, the
intricate relationship between metal passivation and nanofiller rein-
forcement in MMCs remains elusive.

In this work, we present the first direct and quantitative nano-
mechanical assessment of the BNNT-Ti interface using in situ scanning
electron microscopy (SEM) experiments of pulling out individual
nanotubes combined with density functional theory (DFT) calculations.
The measurements reveal that the interfacial shear stress (IFSS) of the
BNNT-Ti interface is approximately 56.2 MPa, representing an increase
of about 49% in strength compared to the CNT-Ti interface. Notably, the
composite interface retains its strength after thermal annealing at 800 °C
in air. DFT calculations reveal the roles of both interfacial physio- and
chemisorption interactions, as well as the strengthening effect of the
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oxide layer. These findings suggest that BNNT-metal interfaces exhibit
enhanced load transfer capabilities, revealing a new self-strengthening
mechanism in BNNT-MMC facilitated by metal passivation.

2. Results and discussion
2.1. Single-nanotube pullout measurements

Fig. 1a provides a schematic representation of the single-nanotube
pullout measurement. A single protruding BNNT, partially embedded
between two electron-beam-deposited metal layers, is pulled out using
an atomic force microscopy (AFM) cantilever force sensor attached to a
3D nanomanipulator (details in Materials and Experimental Methods in
the Supplement and Supplementary Fig. S1-S5). The BNNTs, synthesized
using high-temperature pressure methods [12], exhibit high crystallinity
and are predominantly double-walled structures with median diameter
of 2.9 nm [13]. The SEM snapshots in Fig. 1b show one typical pullout
measurement, where a single nanotube is fully extracted from the metal
film. Additionally, scenarios of partial nanotube fracture are observed,
mostly in the telescopic pullout scenarios (Fig. 1¢), where the outermost
shell of the nanotube is fractured, allowing the inner pristine shell(s) to
slide out. As the binding interface between the matrix and the fractured
outer nanotube shell remains intact inside the matrix, these fracture
events and telescopic pullout measurements do not provide direct
insight into the nanotube-matrix interfacial strength properties.

Fig. 2 presents the pullout force measurements from 29 successful
single-nanotube pullout tests. Initially, the force increases with the
embedded length of the BNNT, then plateaus at ~407+77 nN, indicating
that load transfer at the BNNT-Ti interface follows a shear-lag behavior
[14]. For comparison, prior data on CNT-Ti interfaces, obtained using
the same methods (black triangles in Fig. 2, also see Materials and
Experimental Methods in the Supplement) [9], shows a similar bilinear
trend, but with a much lower plateau force of ~245 nN. Accounting for
the differences in nanotube diameters (2.9 nm for BNNTSs vs. 3.1 nm for
CNTs), the load-bearing capacity of the BNNT-Ti interface, which is
calculated as the ratio of the pullout load at the junction of the bilinear
fitting curve in Fig. 2 and the entire interface area, is approximately 65%
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higher on a per-unit-area basis. The initial rising portion of the force
curve suggests an interfacial shear stress (IFSS) of ~56.2 MPa for the
BNNT-Ti interface, which is about 49% higher than that of the CNT-Ti
interface (~37.8 MPa) [9], highlighting the stronger bonding between
BNNT and Ti. We also conducted pullout measurements on the same
BNNT-Ti samples after thermal annealing at 800 °C for 2 h in air (details
in Supplementary Materials), as shown in Fig. 2 (empty stars). The re-
sults indicate that the composite interface retains its strength after
thermal processing, in stark contrast to the CNT-Ti composite, which
exhibits a ~40% reduction in interfacial strength after annealing at 400
°C [11]. These findings emphasize the superior reinforcement potential
of BNNTs in metal composites under high-temperature conditions and
underscore the differing effects of thermal oxidation on load transfer in
fiber-reinforced MMCs, which critically influence their bulk mechanical
properties.

2.2. Materials characterization of metal oxidation

We perform material characterization to gain insights into the phase
and morphological changes at the BNNT-Ti composite interface. AFM
measurements (Fig. S2) show that the deposited Ti film (~200 nm thick)
increases in thickness to ~277 nm after thermal annealing, likely due to
the formation of rutile-phase titanium dioxide (TiO3), as confirmed by
Raman spectroscopy (Fig. S5). This ~38.5% volume expansion in the
annealed Ti film is lower than the ~58.7% typically reported for com-
plete Ti-to-TiO5 conversion [15], indicating that the Ti film undergoes
partial oxidation, with approximately 66% of Ti converted to TiO3. The
annealing process also increases the grain size, from ~26 nm to ~29 nm
(Fig. S1). Oxidation is known to initiate at grain boundaries, where
oxygen diffusion is facilitated by higher energy states and defect den-
sities [16], while it progresses more slowly within the grain interiors due
to tighter atomic packing and restricted oxygen diffusion through the
external oxide layer [17]. Additionally, the oxide layer inhibits the
formation of reaction products such as TiB or TiB, at the BNNT-Ti
interface [18-20], as confirmed by Raman measurements (Fig. S5).
The schematic in Fig. 1a illustrates the BNNT-Ti interface morphology,
showing partial oxide formation before annealing due to metal
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Fig. 1. In situ scanning electron microscopy nanomechanical single-nanotube pullout measurements of BNNT-Ti interfaces: (a) schematic of the testing setup; the
bottom drawings illustrate the morphology transition of the BNNT-Ti interface after thermal annealing (all drawings are not to scale); (b) Selected SEM snapshots of a
successful single nanotube pullout from Ti metal films (the pullout force ~146 nN and the embedded nanotube length ~392 nm); (c) Selected SEM snapshots of a

telescopic pullout scenario.
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Fig. 2. The measured dependence of the pullout force on the embedded nanotube length for thermally annealed (blue empty stars) and non-annealed (blue solid
squares) BNNT - Ti interfaces and the comparison with the reported data on CNT-Ti interfaces that are reproduced from ref. 9 and ref. 11. The dashed lines are the

respective bilinear fitting curves of the experimental data sets.

passivation, and significantly more oxide accumulation after annealing.
The interface measurements of the annealed BNNT-Ti composite reveal
the interfacial interaction between BNNT and TiOs.

2.3. Density functional theory calculations

To characterize the nanotube-matrix interfacial properties, we
perform DFT calculations on monolayer graphene or hexagonal boron
nitride (hBN) on crystalline Ti surfaces, and oxygen (O)-terminated bulk
rutile TiO4 surfaces. These model systems represent two limiting cases of
various possible oxidation states of the Ti matrix [6,7,9,10] from its bare
metal form to its fully oxidized state, where subsurface O diffusion re-
sults in the formation of thick bulk oxide interphases (TiO2) (details in
the Computational Method in the Supplement). Fig. 3 shows the fully
relaxed atomic configurations for all four model structures, accompa-
nied by electron localization function (ELF) contours ranging from 0 to 1
along a vertical cross-section, which depict the probability of finding an
electron near another electron with the same spin. At the Ti-graphene
and Ti-hBN interfaces, moderate ELF values (depicted in green) are
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observed, with average interfacial distances of 2.10 A and 2.22 A,
respectively. This suggests weak chemisorption along these interfaces,
which is consistent with previous findings [21]. Once oxidation trans-
forms the pure Ti substrate to TiO,, we now observe contrasting dif-
ferences in the interfacial interactions of hBN and graphene with the
oxidized (TiO) interface. The interfaces for TiO,-graphene are cleanly
delineated with an average separation distance of 2.60 A, suggesting
that oxidation considerably weakens the binding interactions, which are
now predominantly van der Waals forces. In the case of the TiO2-hBN
interface, the polarizing effect of the highly electronegative oxygen
atoms interacting with the already polarized boron atoms in the hBN
structure causes localized electron pockets to appear near the O-termi-
nated surface. This results in the formation of strong chemical (covalent)
B-O bonds across the TiO»-hBN interface, which reduces the mean
interfacial separation distance by 11.3% to approximately 1.97 A. These
B-O covalent bonds alternate with weak N-O physisorption interactions
to induce atomistic undulations in the hBN sheet (Fig. 3d). In our
TiO2-hBN supercell (close-up view in Fig. 3d), seven B-O bonds are
formed, each with bond lengths between 1.49 A and 1.51 A, which is

Fig. 3. Relaxed atomistic configurations of Ti-graphene (a), Ti-hBN (b), TiO,-graphene (c), and TiO2-hBN (d) model interfaces, with contours of the corresponding
electron localization function (ELF) along a vertical cross-sectional cut. Inset in (d): close-up view of the B-O covalent bonding across TiO,-graphene. Atom colors:
blue (Ti), brown (C), green (B), white (N), red (O). Solid back lines: periodic domain of DFT supercell.
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comparable to previously reported tetrahedral B-O bond length of
1.45-1.47 A [22,23]. The formation of these B-O bonds slightly stretches
the adjacent B-N bonds in hBN, increasing their lengths to as much as
1.54 A, compared to the equilibrium B-N bond length of 1.45 A in
free-standing hBN [24]. The N-B-O and N-B-N bond angles deviate by
less than 6° from the 109.5° bond angles characteristic of tetrahedral
structures. These results suggest the formation of sp® bonds across the
TiO»-hBN interface.

The dramatic changes in the interfacial bonding characteristics due
to oxidation are further reflected in the adhesion energies calculated by
DFT. We determine the adhesion energy along the interfaces of each
supercell by rigidly separating the relaxed configuration of each sub-
strate and atomic sheet by 8 A, and computing the per-unit-area dif-
ference in total energy between the isolated substrate and sheet from the
combined structure. For Ti-graphene and Ti-hBN, we obtain comparable
adhesion energies of 16.5 eV/nm? and 10.8 eV/nm? respectively.
However, with an oxidized interface, the binding energy for TiO,-gra-
phene decreases five-folds to 3.34 eV/nm?, but dramatically increases
two-folds to 20.5 eV/nm? for TiO»-hBN. It is noteworthy that our
calculated binding energy for Ti-graphene is 4.6% higher than the re-
ported value of 15.8 eV/nm? while the binding energy for TiO,-gra-
phene is 7.7% lower than the reported value of 3.62 eV/nm?, obtained
using the Ceperley-Alder form of the local density approximation (LDA)
[10].

Because of metal passivation, the interfaces of the Ti matrix are
partially oxidized, with load transfer properties that span between those
of pure Ti and O-terminated TiO,. The stronger binding of the hBN
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atomic sheet with TiO, compared to pure Ti reflects the role of surface
oxidation in enhancing the binding strength across the sheet-substrate
interface. Since B-N bonds are already highly polarized within hBN, the
electronegativity differences are now exacerbated between the termi-
nating O atoms of the TiO, substrate and the B atoms within hBN, which
promote the formation of strong B-O covalent bonds across the interface.
However, graphene exhibits a different trend: metal passivation reduces
its interaction with the substrate. This is because graphene consists of
purely nonpolar C-C bonds, making it less reactive with the O atoms that
are already interacting with Ti to form a stable structure [10,25-27].
These behaviors explain the contrasting results of our annealed nano-
tube pullout experiments (Fig. 2).

The mechanisms governing the pullout of CNTs and BNNTSs from the
partially oxidized Ti matrix are closely linked to the bonding properties
across the interface. For graphene or hBN on pure Ti, interfacial sliding
tends to be the primary failure mode. We generate the potential energy
landscapes for interlayer sliding of graphene and hBN on the pure Ti
matrix in Fig. 4a, by incrementally displacing the atomic sheets of gra-
phene and hBN relative to pure Ti matrix substrate at 20 evenly spaced
intervals along the two in-plane lattice vectors of each supercell, while
allowing atomic relaxation in the vertical direction at each step. In both
scenarios, the binding energy is approximately an order of magnitude
greater than the maximum sliding barrier energy, suggesting that shear-
induced interfacial sliding is the prevailing failure mode. When the
pullout force is low, interfacial sliding occurs along minimum energy
pathways, indicated by the dashed black lines in Fig. 4a. Conversely, a
larger pullout force typically leads to rapid interfacial sliding along a
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Fig. 4. (a) Contours of the interface sliding energy landscapes for Ti-graphene and Ti-hBN, with dashed lines denoting sampling of minimum energy pathways;
energy contours plotted relative to the binding energy for Ti-hBN. (L1,L3) and (L2,L4) denote minimum energy and maximum sliding barrier energy locations, with
corresponding atomistic configurations as viewed from the top. (b) Rigid separation of atoms for work of separation calculations to simulate crack formation along
the armchair and two possible zigzag directions for O-doped hBN; solid lines denote periodic DFT supercell.
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direct path, surpassing the peak energy barriers (L2, L4). Notably, both
the minimum and peak energy barriers are slightly lower for the Ti-
graphene interface compared to Ti-hBN, resulting in higher pullout
forces for the latter.

In the case of TiO,-graphene, the weak van der Waals interfacial
interactions result in negligible energy barriers for both interfacial
sliding and deadhesion, and negligible interfacial load transfer is ex-
pected. In contrast, binding between TiO2-hBN is exceedingly strong,
but the deformation will be highly localized near the B-O covalent bonds
across the interface. Ultimately, there are two possible failure scenarios:
the B-O bonds can break, or the B-N tube can locally fracture. The former
is governed by the adhesion energy of 20.5 eV/nm? for TiO2-hBN which
represents the work of separation for interfacial fracture. We elucidate
the possibility of sheet fracture by quantifying the work of separation
along the two possible zigzag directions (zigzag-1, -2) and the armchair
direction of (a) pure hBN, and (b) hBN doped with O atoms at the B sites
to approximate the B-O bonding in TiO,-hBN (Fig. 4b). To this end, we
model unit cells of hBN and O-doped hBN, and relax each of these
supercells in DFT. We rigidly separate atoms along the crack face in the
zigzag-(1,2) or armchair directions, and compute the work of separation
from the difference in total energy per unit crack area (crack length x
assumed hBN sheet thickness of 3.33 A). Along the (zigzag-1, -2,
armchair) directions, we obtain a work of separation of (81, 114, 66)
eV/nm? for pure hBN and (31, 67, 40) eV/nm? for O-doped hBN. This 40
to 60% difference in the work of separation is due to the presence of B-O
bonds and the associated sp to sp® bond transitions with neighboring N
atoms in hBN. Since cracks will form along the weakest path (zigzag-1
for TiO2-hBN), the estimated fracture resistance for B-N bond breaking
within hBN is ~31 eV/nm?2, which is comparable to the ~21 eV/nm?
adhesion energy for B-O bond breaking along the TiO2-hBN interface.
Thus, both mechanisms of nanotube fracture and interface failure can be
activated during the pullout of BNNT from an oxidized TiO2 composite.
This duality in possible failure mechanisms explains the notable fluc-
tuations in the pull-out force measurements for both non-annealed and
annealed BNNT-Ti in Fig. 2.

3. Conclusion

In summary, we explore the interfacial interaction in BNNT-
reinforced Ti MMC using a combined experimental-computational
approach. Our results reveal that BNNT exhibits a significantly stron-
ger binding affinity with titanium compared to CNTs. This enhanced
binding is primarily due to oxide formation on the metal surface from
passivation, leading to robust covalent bonding along the BNNT-metal
interface. Notably, this interface maintains its strength even after pro-
longed thermal annealing at elevated temperatures. The findings suggest
that metal passivation can be synergistically exploited as a new self-
strengthening strategy via activating and enabling the superior inter-
face bonding interactions and maximizing BNNT’s reinforcing potentials
as active fillers. This innovative approach is particularly relevant to
metals of porous structures, such as those produced by additively
manufactured (AM) techniques. By strategically introducing oxide at the
filler-metal interface via porosity pathways, the engineering practicality
and reliability of AM metals can be significantly improved. This research
paves the way for advancements in the design and industrial applica-
tions of high-performance metal composites.
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