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a b s t r a c t

The interfacial binding interactions in fiber–reinforced metal matrix nanocomposites (MMNC) are
involved with sophisticated physico-chemical phenomena that are sensitive to their commonly
encountered high-temperature processing and/or working environments. The resulting interfacial load
transfer characteristics, which play a vital role in achieving the anticipated bulk mechanical properties
enhancements, remain elusive. Here we investigate the effect of thermal processing on the interfacial
strength of carbon nanotube (CNT) reinforced titanium (Ti) nanocomposites by conducting in situ
nanomechanical single-nanotube pull-out measurements inside a high resolution scanning electron
microscope. Our nanomechanical measurements reveal that thermal annealing at 400 ◦C for two hours
results in a 40% decrease of the interfacial load-carrying capacity. The measurements were analyzed
using a micromechanics shear-lag model, and the results show that the thermal annealing reduces
the maximum interfacial shear strength by about 42% from about 231MPa to about 135 MPa. The
observed weakening of the CNT–Ti interface caused by thermal annealing is attributed to the formation
of newly grown titanium oxide on the CNT–Ti binding interface. The findings reported here are useful
to better understand the impact of thermal processing on the reinforcing efficiency of nanotubes in
metal matrices, which is essential to the design and manufacturing of nanotube-reinforced MMNC
with superior high-temperature performance.

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

The envisioned light, strong, durable, and thermally/chemically
table properties of nanofiber–reinforced metal matrix nanocom-
osites (MMNC) are attractive to a number of industries, such
s the aerospace, automotive, chemical and biomedical indus-
ries [1–3]. Many of these remarkable property enhancements
riginate from the superior physical/chemical properties of the
dded reinforcing nanofibers, such as one-dimensional carbon
nd boron nitride nanotubes and two-dimensional graphene and
exagonal boron nitride nanosheets [4–6]. Full utilization of these
anofibers’ extraordinary material characteristics crucially counts
n an efficient load transfer on the fiber–metal interface [3].
he interfacial binding interactions in fiber–reinforced MMNC are
nvolved with sophisticated physico-chemical phenomena that

∗ Corresponding author at: Department of Mechanical Engineering, State
niversity of New York at Binghamton, Binghamton, NY 13902, USA.

E-mail address: cke@binghamton.edu (C. Ke).
1 These two authors contributed equally to this work.
ttps://doi.org/10.1016/j.eml.2020.101045
352-4316/© 2020 Elsevier Ltd. All rights reserved.
are sensitive to the commonly encountered high-temperature
processing and/or working environments. For example, metal
oxides may grow on the fiber–metal interface through oxidation
reactions. Chemical compounds may also form through the chem-
ical reaction of the added reinforcing fibers with the surrounding
metal matrices. The newly formed reaction products may signif-
icantly alter the nature of the interfacial binding interactions [7]
and the local structural morphology of the contacting interface,
the latter of which can further result in changes of contact areas
and the local stress state due to processing-induced residual
stress and interlocking effects [8]. Therefore, thermal annealing-
produced reaction products could have a significant impact on the
interfacial load transfer characteristics, which play a vital role in
achieving the enhancement of bulk mechanical properties.

Recent experimental studies on the interfacial binding in-
teraction on carbon nanotube (CNT) reinforced aluminum (Al)
MMNC shows that oxidation from thermal annealing results in
a 40% increase of the interfacial strength [9]. The substantial
interfacial strength enhancement was revealed later by density
functional theory (DFT) calculations [10], which show that the
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ewly formed ionic bonding between Al and O atoms results in
high degree of localization of electron packets near the carbon

attice surface. The resulting cross-interface bonding interaction
eads to a significantly stronger interfacial binding interaction
s compared with pure CNT–Al binding interaction that is in-
olved with a sharp transition from metallic bonding in metals
o covalent bonding in CNTs and lacks any prominent cross-
nterface bonding. It is worth mentioning that reaction products
ormed on the fiber–metal interface pose an additional degree
f complexity in understanding the interfacial physico-chemical
nteractions and even the same type of reaction products may
nfluence the interfacial interaction differently across different
iber–metal systems. Therefore, it is essential to investigate the
mpact of the reaction products produced from thermal process-
ng on the interfacial load transfer characteristics of each type
f fiber–reinforced MMNC. Similar to Al, titanium (Ti) is a type
f widely used metal matrix materials for MMNC due to its
ightweight and high-strength properties and superior corrosion
esistance characteristics [11,12]. Several experimental studies
eport substantial enhancements of the bulk mechanical proper-
ies of CNT-reinforced Ti MMNC [13–16]. Specifically, a small frac-
ion of CNT additions to Ti (0.35–0.4%) reportedly increases the
ield strength by 40%–48% [13,15] and the compressive strength
y 61.5% [14]. These superior bulk property enhancements indi-
ate a qualitatively strong interfacial binding affinity between Ti
nd CNT. Recently, our research group conducted a quantitative
nvestigation of the mechanical strength of CNT–Ti interfaces
hrough in situ single-nanotube pull-out experiments inside a
canning electron microscope (SEM) [10]. The nanomechanical
easurements reveal a strong CNT–Ti binding interface, which
grees well with theoretical findings of strong binding affinity
f Ti with hexagonal covalent C–C bonding lattices like those
n CNTs and graphene [7,17]. Despite these scientific advances,
uantitative and microscopic experimental investigation of the
nfluence of thermal processing on the CNT–Ti interface remains
nexplored. It is noted that Kondoh et al. reported a decreasing
endency of the bulk mechanical properties of CNT–Ti compos-
te materials at elevated temperatures [18]. The usefulness of
uch macroscopic measurements in understanding how ther-
al processing affects the interfacial binding interactions on the
NT–metal interface is limited because the observed degrada-
ion of bulk mechanical properties can be attributed to several
ources, such as changes of microstructure and properties of
etal matrix materials [16,19,20]. In this paper, we tend to ad-
ress this knowledge gap by quantifying the mechanical strength
f CNT–Ti interfaces that are subjected to thermal processing
nd provide insights on how thermal oxidation affects CNT–
i binding interactions and the related interfacial load transfer
haracteristics.

. Results and discussion

.1. In situ SEM nanomechanical single-nanotube pull-out measure-
ents of thermally annealed CNT–Ti interfaces

(a) Testing scheme Fig. 1(a) illustrates the interfacial strength
esting scheme by using an in situ SEM nanomechanical single-
nanotube pull-out technique, which has been demonstrated in
our prior nanomechanical studies of binding interfaces formed
by nanotubes with polymers [21–23], metals [9,10] and ceram-
ics [24]. In brief, a straight cantilevered nanotube that is partially
embedded in a metal matrix is stretched out by applying a grad-
ually increasing stretching force through displacing an atomic
force microscopy (AFM) cantilever. The AFM cantilever, which
works as a force sensor, is mounted to a 3D piezo-driven ma-
nipulator with ∼1 nm displacement resolution in XYZ axes. The
2

high-resolution electron beam of an FEI Nanolab 600 micro-
scope is used to monitor the displacement of the AFM can-
tilever and the deformational/failure behaviors of the nanotube
during the stretching process and to measure the embedded
length of the nanotube once it is fully pulled out of the matrix
with a few nanometers in spatial resolution. By using AFM can-
tilevers (CSG01 from NT-MDT) with thermally calibrated spring
constants of 0.04–0.09 N/m, the force measurement resolution of
our nanomechanical experimental setup is estimated to be ∼0.5
nN.

(b) Sample preparation and characterization The tested CNT–Ti
interfaces were engineered inside sandwiched metal/nanotube/
metal thin-film composites, which were manufactured by fol-
lowing the protocols reported in our prior work [9,10]. In brief,
double-walled carbon nanotubes (DWCNTs), which were pro-
duced using chemical vapor deposition methods (purchased from
Sigma-Aldrich), were first sonicated in deionized (DI) water with
the aid of ionic surfactants for two hours to form well-dispersed
nanotube solutions. Our prior AFM measurements [23] show that
the employed DWCNTs have a polydispersed diameter between
2.0–4.2 nm with a median diameter of 3.1 nm. A majority of
the dispersed nanotubes have lengths shorter than 2 µm and are
capable of staying straight after being deposited on flat substrates
using spin coating. The sandwiched Ti/CNT/Ti composite was
manufactured by depositing the first 100 nm-thick Ti metal film
on fresh silicon substrates by using electron beam evaporation,
which was conducted inside an ATC Orion 8-E evaporator system
(AJA International Inc.) with a Titanium target of 99.999% in
purity (Kamis Inc.), a vacuum pressure of 1×10−8 Torr and an
electron gun accelerating voltage of 7 kV. Subsequently, a well-
dispersed CNT solution was deposited on the surface of the de-
posited Ti film by spin coating in air and then air-dried, followed
by the electron beam evaporation of the second 100 nm-thick Ti
film. The sandwiched composite specimens were then thermally
annealed on a hot plate in air from room temperature to 400 ◦C
at a rate of 2 ◦C per minute, and then steadily maintained for
two hours. After the cool-down of the specimens to room tem-
perature, a diamond scriber was used to fracture the sandwiched
composite and some embedded CNTs were protruded from the
fracture surfaces as protruding cantilevered structures.

The structural morphology of the electron beam evaporated
Ti films with deposited CNTs on top was characterized by using
tapping-mode AFM before and after thermal annealing, which
is exemplified by the AFM images in Fig. 1(b). The AFM mea-
surements were conducted inside an NTEGRA AFM (NT-MDT)
using silicon probes with a nominal tip radius of ∼6 nm. The
AFM images clearly show that nanotubes of a few hundred nm
in length stay straight after the spin-coating deposition on Ti
surfaces that are formed by densely packed Ti grains and are
capable of preserving their straight conformations after thermally
annealing even without the covering of the second Ti film on top.
It is noticed from the recorded AFM images that some Ti grains
are visible on top of the nanotube surface, which indicates the
migration of the Ti grains during thermal annealing and the good
wettability of Ti on CNT surfaces. There is no sign that thermal
annealing leads to any structural degradation of nanotubes, or
the thermal-induced Ti grain migration results in any substantial
lateral bending of nanotubes. The AFM measurements also reveal
that the thermal annealing results in a 26% increase of the Ti grain
size from about 26 nm to about 34 nm.

Fig. 1(c) shows the fractured surface of a thermally annealed
CNT–Ti composite specimen with a number of sparsely dis-
tributed thin and long protruding structures. The protruding
structures were characterized by using transmission electron mi-
croscopy inside a JEM 2100F TEM (JEOL Ltd.), which is exemplified
by the image in Fig. 1(d), and were confirmed as individual
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Fig. 1. Nanomechanical characterization of the interfacial strength of thermally annealed CNT–Ti nanocomposites. (a) Schematic of an in situ SEM nanomechanical
single-nanotube pull-out testing technique based on nanomanipulation using a high-resolution 3D piezo actuator stage. (b) AFM images of deposited CNTs on the
surfaces of electron beam deposited Ti metal films: (top) before thermal annealing (the nanotube has a length of 600 nm and a diameter of 4.0 nm); (bottom) after
thermal annealing (fake red color is added to aid visualization): Ti metal grains are visible on top of the surface of the marked nanotubes #1 and #2. (c) One of
the selected specimens that were employed in the nanomechanical measurements. (d) TEM image of one protruding nanotube (about 2.9 nm in outer diameter).
(e) Selected SEM snapshots showing the processes of mechanically pulling out one free-standing nanotube using an AFM cantilever with the aid of the electron
beam induced deposition of Pt. The bottom image shows the embedded portion of the tested nanotube after it was completely pulled out of the metal matrix. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
tubular nanostructures with diameters that are consistent with
the employed DWCNTs.

(c) In situ SEM single-nanotube pull-out measurements Fig. 1(e)
shows selected SEM snapshots of one single-nanotube pull-out
experiment that was conducted on a thermally annealed CNT–Ti
nanocomposite specimen. In brief, an AFM probe tip was con-
trolled to approach and contact the free end of one selected
CNT that was oriented along the tip axis direction (i.e., the AFM
stretching force direction). The free end of the CNT was subse-
quently welded to the AFM probe tip by using electron beam
induced deposition (EBID) of Pt for a firm attachment. A grad-
ually increasing stretching force was applied to the CNT by the
AFM cantilever till the embedded portion of the nanotube was
3

stretched out of the matrix, as shown in the bottom image in
Fig. 1(e). For this single-nanotube pull-out measurement, the
applied pull-out force and the embedded nanotube length were
measured to be about 74 nN and about 393 nm, respectively.
In addition to the successful single-nanotube pull-out events
as shown in Fig. 1(e), our in situ nanomechanical experiments
also captured two other types of failure scenarios: fracture of
the protruding nanotube segment and telescopic pull-out. The
former failure scenario, which is exhibited by the SEM snapshots
in Figure S1(a), occurs when the stretching force exceeds the
fracture strength of the nanotube and fractures the nanotube at
its protruding segment. The latter failure scenario, as exemplified
by the SEM snapshots displayed in Figure S1(b), occurs when
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Fig. 2. The measured dependence of the pull-out force on the embedded
anotube length for thermally annealed (blue dots) and non-annealed (red dots,
eproduced from Ref. [10]) CNT–Ti interfaces. The solid lines are the bilinear
itting curves. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of this article.)

he stretching force breaks the outmost shell(s) of the protruding
anotube and pulls out the inner tube shell(s). Both types of
ailure scenarios represent the mechanical failure of the nan-
tube, instead of the nanotube–metal interface, and are therefore
xcluded in the further analysis of the interfacial load transfer
haracteristics of the nanotube–metal interface. We want to high-
ight that the byproduct of the pullout experiments, i.e. AFM
robe with an attached nanotube tip, can be used as ultrasharp
achining tools to manufacture ultrafine patterns.
We have conducted a number of single-nanotube pull-out

xperiments on thermally annealed sandwiched CNT–Ti compos-
te specimens using the testing scheme illustrated in Fig. 1(a).
he blue dots in Fig. 2 show the measured pull-out force as a
unction of the embedded nanotube length based on 18 differ-
nt experiments that led to actual nanotube pull-out from the
hermally annealed CNT–Ti composites. Two distinct trends are
xhibited in the measurement data that are fitted using a bilinear
ash-line curve. The pull-out force is found to first increase in a
early linear trend with the embedded nanotube length and then
orm a plateau with a narrow force fluctuation range, which is
alculated to be 146 ± 21 nN. The displayed bilinear trend in the
ull-out force measurement is a clear indication that the inter-
acial load transfer on the thermally annealed CNT–Ti interface
ollows the so called ‘‘shear-lag’’ effect and the nanotube pull-
ut is an energy-driven interfacial debonding phenomenon as a
esult of crack initiation and propagation on the nanotube–metal
nterface [9,10].

For the purpose of comparison, Fig. 2 also displays the mea-
ured pull-out force data from a prior nanomechanical study
n the interfacial strength of CNT–Ti composite specimens that
ere prepared and tested by using the same batches of nanotube
nd metal materials and by following the same experimental
rotocols as the present study except that the tested composite
pecimens were not subjected to any thermal annealing treat-
ents. The pull-out measurement data that were obtained on the
on-annealed composite specimens follow a similar trend with
hose on thermally annealed specimens, but possess a steeper
lope in the initial linearly increasing segment and a much higher
orce value at its plateau that is reported to be ∼245 nN [10]. The
omparison displayed in Fig. 2 indicates that the CNT–Ti interface
s substantially weakened by the thermal annealing process and

ts maximum interfacial load-carrying capacity that is measured

4

as the force level of the plateau is reduced by about 40%, even
though the overall shear-lag type interfacial load transfer charac-
teristics remain unaltered. It is plausible that the weaker interface
from thermal annealing could be one of the factors that lead
to the observed bulk property degradation in thermally treated
CNT–Ti MMNC [18]. It is noted that the relatively larger data
scattering exhibited in the measured pull-out force values for
annealed specimens is a possible indicator that thermal anneal-
ing might have caused some degree of non-uniformities on the
CNT–Ti interface.

To the best of our knowledge, this study reports the first direct
and quantitative experimental findings that thermal processing
substantially weakens the interfacial strength of CNT–Ti compos-
ites. The nanomechanical measurements demonstrate that the in
situ single-nanotube pull-out technique is capable of revealing the
influence of thermal processing on the mechanical signature of
the CNT–metal interface. The results suggest that it is plausible
that facile thermal processing can be utilized to effectively con-
trol the bulk mechanical properties of CNT–Ti nanocomposites
through tuning their interfacial strength. The findings will be
helpful to understand the impact of thermal processing on the
reinforcing mechanism of nanotubes in metal matrices and to
the optimal design and manufacturing of nanotube-reinforced
MMNC for superior performance and functionality. It is worth
mentioning that the presented in situ single-nanotube pull-out
experiments may not be directly applicable to conventionally
manufactured bulk nanotube–metal composites, which usually
possess much more irregular configurations of nanotube–metal
interfaces as compared to the model specimens used in our study.

2.2. Theoretical predictions of the interfacial shear stress distribution
profile on mechanically loaded CNT–Ti interfaces

We investigate the interfacial load transfer characteristics of
the thermally annealed CNT–Ti interface by using a microme-
chanics shear-lag model. As illustrated in the single-nanotube
nanocomposite configuration shown in Fig. 3(a), a CNT with a
diameter Dnt is partially embedded into a concentric cylindrical
metal matrix with an embedded length L and a uniform interfacial
contact. The interfacial shear stress (IFSS), τ , is developed to
alance the stretching force applied to the protruding end of the
anotube P, which is given as πDnt

∫ L
0 τ (z)dz = P , where z is

the coordinate along the nanotube’s longitudinal axis (z = 0 at
the embedded end). The point-wise IFSS on the nanotube–metal
interface possesses its maximum value at the nanotube entry
position (i.e., z = L), where the interface failure initiates. The
nanotube is considered a linearly elastic material with a Young’s
modulus Ent , while the metal matrix is modeled as a linearly
elastic and perfectly plastic material with a Young’s modulus Em,
Poisson’s ratio νm and a yield shear stress τY . For simplicity, the
etal matrix deformation that is caused by the interfacial shear

orce is assumed to occur only in a thin interfacial matrix layer
hat is in direct binding contact with the nanotube surface. The
nterfacial matrix layer undergoes pure shear deformation, which
an be generally divided into two zones: (1) unsaturated zone,
here the deformation is purely elastic. (2) saturated zone, where
he IFSS is capped by a certain value. The observed clean nanotube
ull-out (Fig. 1(d)) indicates no matrix failure. Therefore, the IFSS
hould not exceed the yield shear stress of the matrix material.
herefore, the IFSS is either capped by the yield shear stress of
he matrix material τYor is capped by a value τ ∗ that is governed
y the interfacial binding interaction and is lower than the yield
hear stress of the matrix material.
The equilibrium of the nanotube along its longitudinal direc-

ion is given as

z · Dnt − 4
∫ z

τdz = 0, (1)

0
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Fig. 3. (a) Schematic of the micromechanics model of single nanotube–metal composite that is commensurable to the single-nanotube pull-out measurement. The
diameter of the metal cylinder Dm is about 200 nm. (b)–(d) Representative theoretically predicted interfacial shear stress distribution profiles on non-annealed (red
urves) and thermally-annealed (blue curves) CNT–Ti interfaces with an assumed nanotube length of 100 nm (b), 120 nm (c) and 800 nm (d). (For interpretation of
he references to color in this figure legend, the reader is referred to the web version of this article.)
he entire interfacial matrix layer comprises either a fully unsat-
rated zone, mixed unsaturated and saturated zones, or a fully
aturated zone. For the general case of mixed unsaturated and
aturated zones, in the unsaturated zone (0 ≤ z < zs, where
s indicates the position where the IFSS starts to saturate), τ is
given as τ (z) =

Em
2(1+νm) ·

u(z)
t , in which u (z) is the nanotube

isplacement, and t is the thickness of the interfacial matrix layer
nd is the only fitting parameter in the model. By considering the
ormal stress in the nanotube that is given by σz = Ent du(z)dz . In the
aturated zone (zs ≤ z ≤ L), τ (z) = τY or τ ∗. By inserting these
elationships into Eq. (1), we get

nt
d2u(z)
dz2

−
2Em

t(1 + νm)
σ (z) = 0, 0 ≤ z < zs (2a)

nt · Ent
d2u(z)
dz2

− 4τY (orτ ∗) = 0. zs ≤ z ≤ L (2b)

The boundary conditions are σz = 0 at z = 0 and u(z) =
2(1+νm)·t·τY

Em
at z = zs.

We analyze the IFSS distribution on CNT–Ti interfaces us-
ng the above micromechanics model based on the nanome-
hanical single-nanotube pull-out measurement data shown in
ig. 2. Fig. 3(b)–(d) show representative IFSS distribution profiles
hat are calculated based on three selected embedded nanotube
engths of 100 nm, 120 nm, and 800 nm, respectively. The follow-
ng parameters are employed in the calculations: Ent = 1.0 TPa
and D = 3.1 nm for CNTs, E = 116 GPa, ν = 0.32, τ =
nt m m Y

5

231 MPa for Ti [10], and t = 5.3 nm. For L = 800 nm, the applied
pull-out force is the measured average plateau force value (i.e., P
= 245(146) nN (non-annealed (annealed)). The respective pull-
out forces for L = 100 nm and L = 120 nm are calculated based
on the same maximum IFSS that is found for L = 800 nm and
are found to be 225 (134) nN and 244 (146) nN, respectively.
Our IFSS analysis of non-annealed CNT–Ti interfaces, as shown
by the red plots in Fig. 3(b)–(d), reveals that the entire interfacial
matrix layer yields upon the nanotube pull-out for L = 100 nm.
Matrix yielding is also observed for longer embedded lengths
L = 120 nm and L = 800 nm, whose curves also include the
unsaturated (elastic) zone. The analysis shows that the maximum
IFSS of non-annealed CNT–Ti interface is limited by the yield
shear stress of the metal matrix. The IFSS distribution profiles
for the corresponding thermally annealed interfaces, which are
exhibited as blue plots in Fig. 3(b)–(d), follow a similar trend with
those of the comparable non-annealed interfaces, but possess a
much lower capped value (135 MPa) that is about 42% below
the yield shear stress of Ti materials (non-annealed). The lower
IFSS value for the annealed CNT–Ti interface is attributed to the
weaker interfacial binding interactions from reactions products
caused by thermal annealing [7,17]. In addition, the possible
lower yield stress of Ti materials after thermal annealing, which
reportedly corresponds to the observed thermal-induced metal
grain size increase [19,20], may contribute to the observed inter-
face weakening. The interfacial stress analysis here does not take
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nto account any influence of the residual stress that may occur
uring the sample preparation and annealing processes.

.3. Characterization of thermal oxidation on thermally annealed
NT–Ti interfaces

The observed substantial thermal-induced interface weaken-
ng can be attributed to multiple sources related to the thermal
eaction products formed on the CNT–Ti interface [13,14,25,26]
s well as the microstructure and mechanical changes of the Ti
atrix structures caused by thermal annealing [16,19,20]. Even

hough the Ti film deposition was conducted in high vacuum
nvironments, a thin layer of titanium oxide inevitably formed
n its surface once in contact with oxygen and water vapor in
ir or water in the deposited CNT solutions, as illustrated in
ig. 4(a). The thermal annealing likely leads to newly grown oxide
n the metal surfaces and the CNT–metal interface, which is
llustrated in Fig. 4(b). The existence of oxygen reportedly weak-
ns the CNT–Ti binding interaction because Ti atoms preferably
ind to the surrounding oxygen atoms as compared to carbon
toms [26]. Ti can also form titanium carbide (TiC) through re-
ction with carbon atoms. However, it is unlikely that TiC exists
n the tested CNT–Ti interface because the thermal annealing
emperature in the present study (400 ◦C) is well below the
eported formation temperature for TiC (700–800 ◦C) [27,28].
ere we conducted detailed surface analysis measurements by
sing X-ray photoelectron spectroscopy (XPS), ellipsometry, and
FM to characterize and quantify the growth of titanium ox-
de in the thermally annealed CNT–Ti nanocomposites specimen.
he XPS measurements were conducted using a PHI 5000 Ver-
aProbe instrument (Physical Electronics, Inc.), which employs
onochromatic Al Kα X-rays of energy 1486.6 eV. Ellipsometry
haracterization was performed using a UVISEL spectroscopic
llipsometer (Horiba) in the 1.5 eV to 6.5 eV spectral range.
XPS measurements of freshly electron beam evaporated single-

ayer Ti films (∼100 nm in thickness) at room temperature, which
re displayed in Fig. 4(c), show a thin native oxide layer on the
urface of pure Ti, which is represented by the peaks at 458.4
V and 464 eV. The sampling depth of the XPS measurement is
5 nm on average, so the presence of a peak at 453.8 eV, which
orresponds to metallic Ti, indicates that the thickness of the
xide layer is less than 5 nm [29]. The absence of the metallic
eak after two hours annealing of the specimen at 400 ◦C in air
onfirms the presence of a much thicker oxide layer. To quantify
he thickness of the oxide layer, argon ion sputter etching was
erformed to obtain XPS depth profiling data, which are shown
n Figure S2. Ar+ sputtering was performed at 1 kV, which was
alibrated to give a SiO2 etch rate of 3.3 nm/min. Spectra of Ti(2p)
nd O(1s) were acquired every minute with an etch rate of ∼1.89
m/min for TiO2, which sputters ∼0.57 times slower than SiO2.
efore etching of the oxide film, the Ti2p1/2 (464 eV) and Ti2p3/2
458.4 eV) peaks were observed, which can be identified as peaks
hat correspond to TiO2. After five etching cycles, the metallic
i peak (453.8 eV) reappears, and the Ti(2p) and O(1s) profiles
ntersect at ∼6.5 min sputtering time which gives the thickness
f the oxide layer in the annealed specimen to be ∼12.3 nm.
he XPS measurement data are consistent with ellipsometry
easurements that show a ∼5 nm oxide layer formed on a
ingle-layer Ti film surface after the deposition of CNT solutions.
he thickness of the oxide layer was found to grow to 9.9 nm,
1.1 nm, and 12.5 nm after 30 min, 1 h, and 2 h thermal annealing
t 400 ◦C in air, respectively. The ellipsometry measurements
ndicate the growth rate of the oxide layer slows down during
hermal annealing, which can be attributed to the role of the

assivation barrier by the existing oxide layer. o

6

Fig. 4(d) shows the AFM topographic line-scanning measure-
ents that were performed on a single-layer (∼100 nm in thick-
ess) Ti film and a sandwiched Ti/CNT/Ti composite film
∼200 nm in thickness) before and after two-hour thermal an-
ealing at 400 ◦C in air. A piece of copper tape was placed
ver the Si substrate prior to metal deposition to provide a
lat reference surface for AFM scanning. The thickness (height)
f the single-layer film is found to increase by ∼7.2 nm from
03.7 nm to 110.9 nm after thermal annealing, which is attributed
o the growth of the oxide layer on the metal top surface. The
eight of the sandwiched composite film is found to increase
y ∼9.9 nm from 209.4 nm to 219.3 nm. The measurements
ndicate that there is an additional expansion by about ∼2.7 nm
nside the sandwiched composite film in addition to the oxide
rowth on the top metal surface, which is assumed to be the
ame for both samples. The observed expansion is attributed to
he newly grown oxide on the CNT–Ti interfaces through thermal
xidation during the thermal annealing process. The substantially
low oxide growth around the nanotube–metal interface region
s compared to those occurring on the metal top surface that is
ompletely exposed to air indicates a much lower local oxygen
oncentration around the interface region. The possible sources
f oxygen for the thermal oxidation on the CNT–metal interface
nclude the oxygen molecules that are diffused through the metal
ilm surface and spacings between metal grains and nanotube
urfaces, and/or transported through the hollow shells of those
pen-ended nanotubes [30].

. Conclusions

The impact of thermal processing on the interfacial strength
f CNT reinforced Ti nanocomposites was quantitatively investi-
ated by using an in situ SEM nanomechanical characterization
echnique. The nanomechanical measurements reveal that ther-
al annealing substantially weakens the CNT–Ti interface, which

s ascribed to the thermal oxidation of metal grains that are in
irect contacts with nanotube surfaces. The observed thermal-
nduced interfacial weakening in CNT–Ti composite is contrasted
ith previously reported substantial interfacial strengthening

n thermally annealed CNT-Al composites, which indicates the
ophisticated role of oxidation in the interfacial load transfer
nd the resulting bulk mechanical properties of CNT-reinforced
MNC. The findings reported here are useful to better under-
tand the impact of thermal processing on the reinforcing effi-
iency of nanotubes in metal matrices, which is essential to the
esign and manufacturing of nanotube-reinforced MMNC with
uperior high-temperature performance.
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Fig. 4. Characterization of thermal oxidation in CNT–Ti composites. (a–b) Schematic drawings about the evolution of the oxidation inside the CNT–Ti nanocomposites
before (a) and after (b) thermal annealing. (c) Ti(2p) XPS measurements of the freshly deposited Ti film before (red curve) and after (blue curve) thermal annealing.
(d) Comparison of the AFM height (thickness) measurements on the deposited single-layer Ti films and the sandwiched Ti/CNT/Ti composite films before and after
thermally annealing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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