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a b s t r a c t

Interfacial load transfer plays a critical role in the bulk mechanical performance of nanofiber-reinforced
metallic-matrix nanocomposites (MMNC). In this paper, we investigate the mechanical strength of in-
terfaces in double-walled carbon nanotube (CNT)-reinforced aluminum (Al) nanocomposites by using in
situ electron microscopy nanomechanical single-tube pull-out techniques. The nanomechanical mea-
surements reveal the shear lag effect on the CNT-Al interface that is found to possess an average
interfacial shear strength (IFSS) of about 28.7 MPa. The study also shows that thermal annealing results
in substantially higher binding strength interfaces between CNTs and Al matrices. The average IFSS of
CNT-Al interfaces that were thermally annealed at 400 �C is found to reach about 35.3 MPa, a 23% in-
crease from that of the non-annealed interfaces. The maximum load bearing capacity of the annealed
interfaces reaches about 304 nN, a 40.1% increase from that of the non-annealed ones (about 217 nN). The
findings are useful to better understand the load transfer mechanism in CNT-reinforced MMNC and the
tuning and optimization of the reinforcing performance through thermal processing.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The light, strong and durable characteristics of nanofiber-
reinforced metal-matrix nanocomposites (MMNC) are attractive
to a number of industries such as the aerospace and automotive
industries [1e3]. The nanofiber's extraordinary mechanical prop-
erties and high surface-to-volume ratio characteristics enable a
substantial property enhancement of bulk metal matrix with a
small amount of additive nanofibers. An adequate load transfer on
the nanofiber-metal interface is essential in order to take advantage
of the extraordinary mechanical properties of the reinforcing
nanofibers, which is the core reinforcing mechanism in nanofiber-
reinforced MMNC or nanocomposites in general [4e6]. Carbon
nanotubes (CNTs) [7] are one of the most promising reinforcing
Engineering, State University
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fibers for disruptive MMNC technologies due to their ultra-strong,
resilient and low density properties [8]. The research of CNT-
reinforced MMNC first emerged in the late 1990s [9e11], and
substantial advances have been achieved during the past two de-
cades. However, the understanding of the interfacial load transfer
on CNT-metal interfaces remains elusive, which has been a major
scientific obstacle in the development of the CNT-reinforcedMMNC
technology. The underlying challenges behind the lack of such
critical knowledgebase include two parts. First, the load transfer on
CNT-metal interfaces is governed by sophisticated physical and
even chemical phenomena, which possess comparable or even
higher complexities compared to those involved on CNT-polymer
interfaces. For examples, metal grains in direct contact with CNT
lattices may yield under the shear force on the CNT-metal interface.
The size/shape of metal grains and their mechanical properties are
sensitive to processing conditions [12e15], which affects their
contacts and interfacial interactions with CNT surfaces and thus the
interfacial load transfer capacity. In addition, reaction products may
form on CNT-metal interfaces at elevated processing temperatures
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[16e21], and their impacts on CNT-metal bonding interactions and
the interfacial load transfer remain not well-understood. The
interfacial interaction is also substantially affected by the residue
thermal stress on the CNT-metal interface [22e24], which is due to
the fact that CNTs usually possess much lower coefficients of
thermal expansion (CTEs) than metal materials. Dislocation plays
an important role in metal strengthening, which are substantially
affected by the residue thermal stress as well as the Orowan
looping effect due to the small size of CNTs [25]. Second, it is
technically challenging to directly and quantitatively characterize
the interfacial load transfer on CNT-metal interfaces at an individual
tube level. Direct quantitative measurements of the interfacial
strength of individual nanotubes with metal matrices are essential
for a complete understanding of the interfacial stress transfer and
their reinforcing mechanisms. However, a vast majority of the re-
ported studies on CNT-reinforced MMNC in the literature were
carried out at a macroscopic level, which can at most be used to
evaluate interfacial strength properties indirectly and qualitatively
[21,23,26e29]. Reports on direct, quantitative, and microscopic
measurements of the interfaces formed by individual nanotubes
with metal matrices remain scarce [16,30]. This is ascribed to the
challenges in the nanomechanical characterization that requires
precise nano positioning and manipulation with adequate spatial
resolutions, applying and sensing loads with adequate force reso-
lutions, and real-time observation of the mechanical response of
nanostructures that typically demands in situ electron microscopy
techniques [31,32]. The preference of using small diameter nano-
tubes (e.g., single or double-walled nanotubes) for MMNC appli-
cations tends to add an additional degree of challenges in the
nanomechanical measurement of tube-metal interfaces in MMNC.
This is because in nanotube-reinforced MMNC, only the outermost
shell of a tube makes contacts with metal matrices and contributes
to effective load transfer, and thus the property enhancement of the
matrix.

In this work, we investigate the mechanical strength of in-
terfaces in CNT-reinforced aluminum (Al) nanocomposites by using
in-situ electron microscopy nanomechanical single-tube pull-out
techniques. Aluminum is chosen as the model matrix material for
this study due to its widespread usage in the aerospace and auto-
motive industries. By pulling out individual double-walled CNTs of
3.1 nm in median diameter with different embedded lengths, the
measurements reveal, for the first time, the shear lag effect on the
CNT-Al interface and demonstrate that the effective interfacial load
transfer occurs only within a certain embedded length. The nano-
mechanical study further reveals quantitatively that thermal post-
processing leads to a substantial increase of the interfacial strength
in CNT-Al nanocomposites, which is in part ascribed to a more
intimate contact between CNT surfaces and Al grains that is caused
by the residue thermal stress. The findings are useful to better
understand the load transfer mechanism in CNT-reinforced MMNC
and provide new insights into the reinforcing performance opti-
mization through facile thermal treatments. The experimental
methodologies established in this work can be readily extended to
study the interfacial load transfer in other MMNCs that are
composed of CNTs or other one-dimensional (1D) reinforcing fibers
(e.g., boron nitride nanotubes) with a wide selection of metal
matrices and their alloys.

2. Results and discussion

2.1. In situ electron microscopy nanomechanical single-tube pull-
out measurements

Fig. 1(a) illustrates the employed in situ electron microscopy
single-tube pull-out technique. In this testing scheme, the tested
CNT-metal interface is formed inside a sandwiched metal/CNT/
metal thin-film nanocomposite. A pre-calibrated atomic force mi-
croscopy (AFM) cantilever acts as a force sensor, and is mounted
vertically to the stage of a 3D piezo nanomanipulator. The tip of the
AFM probe is controlled to first grip the free-end of an identified
protruding CNT cantilever with the aid of electron beam induced
deposition (EBID) of Pt. Then, an incrementally increasing tensile
force is applied to the tube through displacing the AFM cantilever
until the nanotube is fully pulled out from the composite. The
nanomechanical measurement is performed in situ inside a high
resolution scanning electron microscope (HRSEM). The high reso-
lution electron beam is used to control and monitor the whole
manipulation process and the mechanical response of the tested
tube during the pull-out process. This nanomechanical single-tube
pull-out scheme is envisioned to be capable of testing tube-metal
interfaces for a broad selection of metal materials and for tubes/
fibers with a broad range of diameters (e.g., from a few to hundreds
of nm). A similar version of this technique, in which metal matrices
are replaced by polymer matrices, was demonstrated in the recent
studies of the load transfer in nanotube-reinforced polymer
nanocomposites [31,33,34].

Fig. 1(b) illustrates the main processes of manufacturing CNT-Al
sandwiched thin nanocomposites with the engineered CNT-Al in-
terfaces for the single-tube pull-out test as illustrated in Fig. 1(a). In
brief, a thin layer of Al is first deposited on a clean silicon substrate
(b-1), followed by the deposition of a well-dispersed CNT solution
(b-2). Subsequently, a second Al layer is deposited on top to form an
Al/CNT/Al thin-film nanocomposite (b-3). An optional step here is
to have the thin-film nanocomposite thermally annealed in air at
up to 400 �C. The thin-film nanocomposite is then fractured
through cutting the substrate using a diamond cutter, and some of
the embedded tubes are partially exposed as free-standing canti-
levered structures (b-4). The advantage of this sample preparation
approach is that a whole tube (including both the embedded and
the protruding segments) stays in one horizontal plane, and is able
to maintain its straightness if its length is controlled to be relatively
short. It is noted that Al is an active material and reacts sponta-
neously with the contact of air and/or water. It is anticipated that a
thin oxide layer is formed on the top surface of the first deposited Al
film. Because the Al deposition is performed in an ultra-high vac-
uum environment. The oxide layer is not expected to appear in the
contact between CNTs and the 2nd deposited Al film, which is
considered as a contact between pure Al grains and CNTs. As dis-
played in the cross-section drawing in Fig. 1(b-4), the contact re-
gion between the CNT and the Al2O3 layer is expected to be much
smaller than its contact with the surrounding Al grains. Therefore,
the impact of the existence of the oxide layer on the overall load
transfer on the CNT-Al interface is expected to be limited.

Fig. 2(a) shows an AFM image of a freshly deposited Al film of
100 nm in thickness on a silicon substrate by using electron beam
evaporation deposition methods (see Materials and methods sec-
tion for details). Fig. 2(b) shows an AFM image of a 100-nm-thick Al
film that was thermally annealed at 400 �C for 2 h. The grain size of
the annealed film is noticeably larger than that of the non-annealed
one. For the grains shown in the two AFM images, the average grain
size of the annealed film is estimated to be 32% larger than that of
the non-annealed film. The X-ray photoelectron spectroscopy (XPS)
characterization of the Al films, which is displayed in Fig. 2(c),
shows that a thin-layer oxide of about 2 nm in thickness was
formed on freshly deposited Al films, while a thicker oxide layer of
about 7 nm was formed for thermally annealed Al films. XPS was
employed to monitor changes in the surface aluminum oxide
thickness between freshly deposited Al films with the ones ther-
mally annealed at 400 �C for 2 h. The Al(2p) spectra shown in
Fig. 2(c) clearly show an increase in the intensity of the oxide



Fig. 1. (a) Schematic of the in situ nanomechanical single-tube pull-out testing tech-
nique inside a high resolution scanning electron microscope. The tested nanotube-Al
interface is inside an Al/nanotubes/Al sandwiched thin-film nanocomposite. (b)
Schematics of the manufacturing processes of Al/nanotubes/Al sandwiched thin-film
nanocomposites and protruding nanotube samples. The drawings are not to scale. (A
colour version of this figure can be viewed online.)
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component at high binding energy and a corresponding decrease in
the metal component of the thermally annealed sample. Oxide film
thickness was estimated from the XPS data by assuming a uniform
smooth film on the substrate, which was confirmed independently
with spectroscopic ellipsometry measurements. A native oxide of
about 2.0 nm is estimated on the freshly deposited Al films, while
the aluminum oxide thickness increased to about 7.0 nm on the
400 �C annealed film. Double-walled CNTs (DWCNTs) with a poly-
dispersed diameter are employed in this study. Prior AFM studies
reveal that amajority of the tubes (>90%) possess an outer diameter
within 2e4.2 nm with a median diameter of 3.1 nm [33]. The
nanotube length is a key parameter in the sample preparation and
was controlled through adjusting the ultrasonication time during
the dispersion process. AFM studies, which are represented by the
insert image shown in Fig. 2(a), reveal that tubes of less than 2 mm
in length are capable of maintaining reasonable straightness when
deposited on the Al film by spin-coating. Fig. 2(d) shows one of the
manufactured Al/CNT/Al sandwiched thin-film nanocomposites
with several protruding nanostructures. High resolution trans-
mission electron microscopy (HRTEM) inspection confirms that
those protruded structures are indeed carbon nanotubes with clean
surfaces that are free of any attached Al grains residues. Fig. 2(e)
shows an HRTEM image of one representative protruding tube of
3.2 nm in outer diameter from a CNT-Al nanocomposite film. The
materials surrounding the embedded tube segments were
confirmed to be aluminum based on the energy-dispersive X-ray
(EDX) spectroscopy characterization as exemplified by Fig. 2(f).

Fig. 3(a)e3(c) show three selected SEM snapshots of one
representative single-tube pull-out measurement by using the
manufactured sandwiched CNT-Al nanocomposite samples. To
ensure that a tube was loaded and pulled out by a tensile force, only
those tubes that were oriented perpendicular to the AFM cantilever
back surface were selected for pull-out measurements. The EBID of
platinum (Pt) [35] was employed to ensure a firm attachment be-
tween the free end of the nanotube and the AFM tip. The pull-out of
the nanotube was observed to occur as a catastrophic failure of the
CNT-metal interface when the stretching force reached a certain
value (i.e., pull-out force). For this measurement, the pull-out force
and the embedded tube length are measured to be about 219 nN
and 1.05 mm, respectively. It can be clearly seen that the EBID-
deposited Pt also covered the protruding portion of the tube
through diffusion and resulted in a noticeable lateral size increase.
However, it is expected to have no influence on the tube-metal
interface and thus the interfacial strength measurement. The
presence of the Pt layer on the protruding portion of the tube acts
favorably as an aid for the determination and measurement of the
embedded tube length.

Interface failure scenarios other than the successful single-tube
pull-out like the one shown in Fig. 3 were also observed and were
categorized as tube fracture and telescopic pull-out, which are
exemplified by the selected SEM snapshots shown in Fig. 4(a) and
(b), respectively. It is noted that the observed fracture of the tube
occurred in the protruding tube segment, while the telescopic pull-
out occurred as a result of the breaking of the outermost tube shell
that was in direct contact with the metal matrices at the interface
by the stretching force and subsequently pull-out of the inner tube
shells. It is noted that fracturing of the outermost tube shell is a
clear sign of effective load transfer in nanofiber reinforced nano-
composites [36]. The observed telescopic pull-out phenomenon
provides direct and convincing evidence for the reinforcing
mechanism of CNTs in MMNC through effective interfacial load
transfer [37]. In both scenarios, the tested tube-metal interfaces
remained intact. It is noted that the protruding nanotube was
exposed to the electron beam throughout the entire experimental
session. Therefore, the electron beam irradiation might have a
material effect on the strength of protruding nanotubes, and is a
plausible factor that accounts for the observed tube fracture and
telescopic pull-out scenarios. However, because the tested
nanotube-metal interface was buried under a metal film of about
100 nm in thickness and not exposed directly to the electron beam,
the electron beam irradiation was expected to have little or no ef-
fects on the nanotube-metal interfacial strength. The occurrences
of these scenarios were clearly visualized from the recorded
HRSEM images, and thus they are excluded from the mechanical
strength analysis of the CNT-metal interface.

Fig. 5 shows the pull-out forces measured in 36 different single-
tube pull-out tests with the embedded tube length ranging from
about 73 to 1608 nm. Among them, 18 measurements were per-
formed on CNT-Al samples without any post thermal treatments,
while the other 18 were on thermally annealed CNT-Al samples.
Both sets of data display a similar trend in the dependence of the
pull-out load on the embedded tube length: the pull-out force first
increases, in a nearly linear relationship with the embedded length,
and then forms a plateau where the force falls into a fairly narrow
range even as the embedded length further increases substantially.
The measured data sets are first fitted using bilinear curves, which
are also displayed in Fig. 5. The force plateau of the thermally
annealed CNT-Al interface is calculated to be 304 ± 10 nN and is
about 40.1% higher than that of the interfaces without thermal
treatments (217± 8 nN). The results clearly show that the process of
thermal annealing at 400 �C did not result in any material degra-
dation of the structural and mechanical properties of the tested



Fig. 2. Characterization of Al thin films that were deposited by using electron beam evaporation methods and the manufactured Al-CNT nanocomposites. AFM images of (a) as-
deposited and (b) thermally annealed Al thin films. The insert image in (a) shows one CNT of about 3 nm in diameter and about 1.1 mm in length that was deposited on an Al surface
by using spin coating. (c) Representative XPS spectra of as-deposited and thermally annealed Al films. (d) A fractured CNT-Al thin-film nanocomposite showing several protruding
CNTs. (e) High resolution TEM image of one protruding CNT of 3.2 nm in outer diameter from a CNT-Al composite. (f) Representative EDX spectrum of the matrix materials (Al) in the
regions surrounding the embedded tube segments. (A colour version of this figure can be viewed online.)
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CNTs, which otherwise would not be able to hold the higher
stretching force applied to the annealed samples. The dependence
of the measured pull-out force on the embedded tube length as
displayed in Fig. 5 is a clear sign of the shear lag effect, which de-
scribes the shear load transfer behavior on the tube-metal interface
and is one of themajor energy dissipationmechanisms in nanofiber
reinforced nanocomposites. When a partially embedded tube is
gradually stretched at its free end, the shear stress starts to build up
on the tube-matrix interface. The resulting shear stress on the tube-
matrix interface has a non-uniform distribution, and possesses its
maximum value at the tube entry position and then decays rapidly
toward the embedded tube end. When the maximum shear stress
exceeds a critical limit, a crack initiates and then propagates
through the entire tube-matrix interface, leading to a catastrophic
pull-out event as observed in our nanomechanical measurements.
It is noted that the required pull-out load for the crack-initiated
interfacial debonding remains unchanged if the embedded tube
length exceeds a threshold value that is named as “critical
embedded length”. Here, this critical embedded length is estimated
as the length corresponding to the intersection point of the bilinear
fitting curve and is calculated to be about 780 nm for non-treated
Al-CNT interfaces and about 950 nm for thermally annealed in-
terfaces, respectively. To the best of our knowledge, our nano-
mechanical measurements capture, for the first time, the shear lag
effect on the CNT-metal interfaces in experiments. The shear lag
effect is of importance to a complete understanding of the inter-
facial load transfer on tube-metal interfaces. The shear lag effect
indicates that an effective interfacial shear load transfer between a
nanotube and a metal interface occurs only within the critical
embedded length range and any further increase of the embedded
length does not contribute to the shear load bearing capacity of the
tube-metal interface. It is worth mentioning here that the contacts
between the CNT surface and the surrounding Al grains as illus-
trated in the drawing in Fig.1(b) are likely spotty. The actual contact
areas between the CNT surface and Al grains that effectively
contribute to the interfacial load transfer might be smaller than the
values based on the measured embedded length.
2.2. Quantification of the interfacial shear stresses on CNT-Al
interfaces

In this section, two types of interfacial shear stress (IFSS) are
quantified based on the single-tube pull-out measurements: (a) the
average IFSS that is defined based on an assumed uniform shear
stress distribution along the whole embedded tube length; (b) the
maximum IFSS that occurs at the tube entry position. It is noted
that actual distribution of the shear stress along the tube-metal
interface is non-uniform in nature and the maximum shear stress



Fig. 3. Selected high resolution SEM snapshots showing the key processes in one
representative single-tube pull-out measurement. (a) The AFM tip was controlled to
approach and then touch the free end of one selected protruding CNT that was ori-
ented perpendicular to the AFM cantilever back surface. (b) The free-end of the pro-
truding tip was welded to the AFM tip by means of electron beam induced deposition
of Pt. (c) The embedded segment of the CNT was completely pulled-out of the metal
matrix by applying a tensile force. All scale bars represent 500 nm.
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always occurs at the tube entry position. The average IFSS is only
meaningful for shorter embedded tube lengths that are below the
value of the critical embedded length.
2.2.1. The average interfacial shear stress
The average IFSS, tave, is calculated as the slope of the initial

linearly increasing fitting curve and is given as tave ¼ P
p�D�l, in

which P is the pull-out force, D is the diameter of the tube, and l is
the embedded tube length. In our experiments, the diameters of
the tested tubes could not be measured precisely as they approach
the resolution limit of the electron beam. Here we evaluate the IFSS
based on the measured median tube diameter (i.e., D¼ 3.1 nm) and
Fig. 4. Selected SEM snapshots demonstrating the two types of observed failure modes du
pull-out of a nanotube. The insert schematics illustrated the respective tube failure mecha
online.)
the data, which are listed in Table 1, are deemed as the most
representative values of the CNT-Al interfacial strength. Table 1 also
includes the IFSS data that are calculated based on the upper and
lower diameter limits of the employed tubes that were obtained
from AFM studies. The average IFSS of the thermally annealed in-
terfaces is calculated to be 35.3 ± 6.2MPa based on themedian tube
diameter, about 23% higher than that of the interfaces without
thermal treatments (28.7 ± 3.4 MPa). The data for the non-treated
interface are generally consistent with the values 24.8 ± 3.2 (MPa)
recently reported by Kawasaki and co-workers [30] that were based
on measurements of CNT-Al interfaces formed using multi-walled
CNTs of 20e110 nm in diameter. The slightly higher median value
of our work as compared with the value reported by Kawasaki et al.
is likely a sign that CNTs of small diameters and fewer numbers of
walls may be capable of forming more intimate contacts with the
surrounding aluminum grains because of their lower bending and
transverse rigidities that enable them deform more readily under
the CNT-Al interfacial binding interaction. The combination of the
larger surface-to-volume ratio and higher interfacial load transfer
capacity suggests that thin CNTs, such as the DWCNTs employed in
this study, are of substantial technological advantages for MMNC
technologies.
2.2.2. The maximum interfacial shear stress
In this section, we present a continuum mechanics model to

analyze the interfacial load transfer on the tube-metal interface and
to quantify the maximum IFSS that occurs at the tube-entry pos-
iton. It is noted that pure aluminum reportedly possesses a yield
stress (in tension) of only about 39 MPa [38] and a corresponding
yield shear stress of only about 22.5 MPa. Therefore, the aluminum
grains, in particular, those in the direct contact with nanotube
surfaces or in the vicinity of the contact region may yield under the
interfacial shear stress during the pull-out process. Here, we pre-
sent a simplified shear-lag model that takes into account the
yielding of the metal films, which is illustrated by the drawings
shown in Fig. 6.

A uniform interface is assumed to be formed by CNT surfaces
with pure aluminum grains along the entire embedded tube length,
while their contact with the Al2O3 layer on the top of the bottom Al
layer is neglected here. This simplification is justified because of the
small contact region between CNT surfaces and the Al2O3 layer as
compared with their contact with the surrounding pure aluminum
ring the single-tube pull-out measurements: (a) fracture of a nanotube; (b) telescopic
nisms. All scale bars represent 500 nm. (A colour version of this figure can be viewed



Fig. 5. The measured dependences of the pull-out force on the embedded tube length
for both as-prepared/non-treated (blue dots) and thermally annealed (red dots) CNT-Al
interfaces. The dashed lines are the bilinear fitting curves to the respective data sets.
The solids lines are the respective fitting curves predicted by using the shear-lag
model. (A colour version of this figure can be viewed online.)
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grains. In addition, the deformation in the aluminummatrix caused
by the interfacial shear stress is assumed to be pure shear and to
occur only within a thin aluminum layer that is in direct binding
contact with the CNT surface [39], which is marked as the shaded
area in the illustration drawing in Fig. 6(b). When an incrementally
increasing stretching force is exerted on the protruding CNT, the
interfacial metal layer first experiences pure elastic shear de-
formations if the interfacial shear stress is below its yield shear
stress. The plastic shear deformation is expected to initiate from the
tube entry position when the interfacial shear stress reaches and
exceeds its yield shear stress. Both the increase of the maximum
shear stress at the tube-metal interface and the propagation of the
plastic deformation zone are driven by a further increase of the
external stretching force. Cracks initiate at the tube entry position
and then propagate through the whole embedded length, resulting
in a catastrophic failure of the tube-metal interface in the form of
tube pull-out, when the maximum shear stress exceeds the critical
limit. The equilibrium equation for the embedded tube segment is
given as

sz$pD2 þ 4
Zz

z0

tip$Ddz ¼ 0: (1)

where z is the coordinate axis along the tube length with z0 as the
position of the tube end. sz is the normal stress in the tube and is
given as sz ¼ Ef

duðzÞ
dz , in which Ef is the Young's modulus of the

nanotube and uðzÞ is the displacement of the tube; ti is the inter-
facial shear stress. A bi-linear stress-strain relationship is assumed
for aluminum. The interfacial shear stress in the elastic deformation
region ðz0 � z � zPÞ and the plastic deformation region ðzP < z � lÞ
of the interfacial metal layer is given as [39]

ti ¼
�

K1$uðzÞ; z0 � z � zP
K2$½uðzÞ � uðzPÞ � þ tY ; zP < z � l

(2)

where tY is the yield shear stress of aluminum; K1 is a coefficient
related to the material properties of aluminum and the thickness of
the interfacial metal layer (denoted as t) in the elastic deformation
region and is given as K1 ¼ EAl

2ð1þvAlÞ$t, in which vAl is the Poisson's
ratio of aluminum; K2 is a coefficient related to the shear
deformation of the interfacial metal layer after yielding and is given
as K2 ¼ Gp

Al
t , in which Gp

Al is the plastic shear modulus of aluminum.
By inserting the relationships in Equation (2) into Equation (1), the
governing equations in both the elastic and plastic regions of the
interface metal layer are given as

pD2$Ef
d2uðzÞ
dz2

þ 4pDK1uðzÞ ¼ 0; z0 � z � zP (3a)

pD2$Ef
d2uðzÞ
dz2

þ 4pDfK2½uðzÞ � uðzPÞ � þ tY g ¼ 0; zP < z � l

(3b)

The boundary conditions used in the model include:
sz ¼ 0 at z ¼ 0 and ti ¼ tY at z ¼ zP . It is noted that the thickness
of the interfacial metal layer (t) and the coefficient K2 are obtained
through fitting the experimentally measured values of the pull-out
force and the tube embedded length as presented in Fig. 5. Equa-
tions (3a) and (3b) are solved numerically with the following pa-
rameters: EAl ¼ 69 GPa, tY ¼ 22.5 GPa, and vAl ¼ 0.3 for aluminum;
Ef ¼ 1 TPa and D ¼ 3.1 nm for CNTs.

The theoretically predicted pull-out force vs the embedded tube
length relationships are plotted as solid lines in Fig. 5 and are in
good agreement with the experimental measurements for both
thermally treated and non-treated samples. The calculation of the
two theoretical curves are based on the following values of the two
fitting parameters: t ¼ 2.5 nm and K2 ¼ 8.9 � 1014 N/m3 for ther-
mally treated interfaces or 6.9 � 1014 N/m3 for non-treated in-
terfaces. Three distinct relationships are displayed in the
theoretically predicted curves. The linear relationship of the pull-
out force vs embedded tube length occurs only at relatively
shorter embedded lengths (i.e., up to about 400 nm) for both types
of samples. The increase of the tube embedded length results in a
nonlinear relationship with a gradually decreasing slope, until the
pull-out force approaches a constant value forming a flat plateau in
the curve. Here, the critical embedded length is quantified from the
theoretical curve as the length value that corresponds to a pull-out
load that is 1% below the plateau value and is found to be about
1100 nm for thermally treated CNT-Al interfaces, and about 900 nm
for non-treated interfaces. Both values are about 15% higher than
the respective values estimated from the bi-linear fitting curves.

The distribution of the shear stress on the CNT-Al interfaces is
also obtained and displayed in Fig. 7 for two representative
embedded lengths that are chosen to be 200 nm longer than the
respective critical embedded lengths. The plots show that sub-
stantial yield deformation occurs in the interfacial metal layer
when the pull-out events occur, while the elastic deformation re-
gion is relatively short (about 200 nm for both cases). The
maximum shear stress is calculated to be about 40.1 MPa for
thermally treated CNT-Al interfaces, and about 31.0 MPa for non-
treated CNT-Al interfaces, both of which are based on the median
tube diameter. It is noted that the calculatedmaximum shear stress
is about 13.6% higher than the calculated average shear stress for
thermally treated samples, while about 8% higher for non-treated
samples. The predicted values of the maximum shear stress and
the estimated critical embedded length by using the shear-lag
model are presented in Table 1.

2.3. Analysis of the effects of thermal annealing on the interfacial
load transfer

The nanomechanical measurements and the calculated IFSS
values clearly reveal that the thermal processing has a substantial
impact on the load transfer and load bearing capacity of the CNT-Al
interface. It has been widely known that the mechanical properties



Table 1
The summary of the measured pull-out force, the estimated critical embedded length, and the calculated interfacial shear strengths (IFSS) of the CNT-Al interface based on the
in-situ single-tube measurements. The average andmaximum IFSS values are calculated based on the lower limit (2.0 nm), the median (3.1 nm) and the upper limit (4.2 nm) of
the nanotube diameter range measured by AFM, respectively.

CNT-Al
interfaces

Bi-linear fitting Shear-lag model

Maximum pull-
out force (nN)

Estimated Critical tube
embedded length (nm)

Average interfacial shear strength
(MPa)

Maximum pull-
out force (nN)

Estimated Critical tube
embedded length (nm)

Maximum interfacial shear
strength (MPa)

2.0 nm 3.1 nm 4.2 nm 2.0 nm 3.1 nm 4.2 nm

Non-treated 217 ± 8 780 42.5 ± 5.6 28.7 ± 3.4 21.2 ± 2.4 223 ± 5 900 79.3 ± 3.3 31.0 ± 1.8 24.1 ± 1.6
Thermally

Annealed
304 ± 10 950 53.8 ± 10.5 35.3 ± 6.2 25.1 ± 4.6 304 ± 10 1100 95.1 ± 5.5 40.1 ± 3.1 26.3 ± 2.4

Fig. 6. Schematic illustration of the shear lag model and interfacial shear stress on the
CNT-metal interface. The shaded region (in blue) represents an interfacial metal layer.
(a) The undeformed CNT-Al interface configuration; (b) The deformed CNT-Al interface
configuration with the interfacial metal layer under pure shear deformations, which
are visualized with the aid of the added short mesh lines and three representative free-
body diagrams for elements in the elastic, onset of yielding, plastic regions, respec-
tively. (A colour version of this figure can be viewed online.)
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of Al matrices and CNT-Al nanocomposites can be readily altered by
thermal annealing. However, the exact effect of the thermal pro-
cessing on the interfacial strength in CNT-Al nanocomposites is
hard to elucidate based on the bulk measurements. This is because
the bulk mechanical properties of CNT-Al nanocomposites are
influenced by several factors other than interfacial load transfer,
such as CNT dispersion and alignment, which are hard to control
and quantify. The in situ nanomechanical single-tube pull-out
measurements as presented in this work provide a convincing
venue for quantifying the effect of the thermal processing on the
load bearing capacity of the CNT-metal interface. Here we discuss
the possible mechanism that accounts for the observed increase of
the IFSS for thermally annealed CNT-Al interfaces. The first and
most likely source of the mechanism is ascribed to the compressive
residual stress applied to the embedded CNTs by the surrounding Al
grains during the thermal cooling process [22,40,41]. CNTs and Al
possess quite distinct coefficients of thermal expansion (CTEs). The
CTE of Al is reported to be 23.6 � 10�6 K�1 [23], while the reported
CTEs of CNTs are generally considered to be close to zero [42] or
even negative values [43]. The residual transverse stress applied on
a reinforcing fiber in a matrix due to the mismatch of thermal
expansion can be estimated using [40]

s ¼ CTEm � CTEf

1
.
Em þ 1

.
Ef
DT; (4)

where CTEm and CTEf are the CTE of the metal matrix and the fiber,
respectively; Em and Ef are radial modulus of the matrix and the
fiber, respectively; DT is the temperature change. The following
parameters are employed in the calculation:
CTEm ¼ 23.6� 10�6 K�1 and Em¼ 69 GPa for Al; CTEf ¼ 1� 10�6 K�1

for CNT [40]; The effective radial modulus Ef ¼ 10 GPa for DWCNTs
(3.1 nm in outer diameter) [44]. For DT ¼ 375 K, the residual radial
stress applied to the CNT is calculated to be 74 MPa for CNT-Al
interfaces, which is substantially higher than the observed in-
crease of the IFSS (about 6.6 MPa) due to thermally annealing. It is
noted that the estimated thermal-induced residue stress is along
the transverse direction of the CNT, which is perpendicular to the
direction of themeasured IFSS in the pull-out test. The data indicate
a quite small frictional coefficient (less than 0.1) of the CNT-Al
interface. We also want to point out that a residual stress might
be developed during the metal film fabrication process, which may
influence the interfacial load transfer. It is noted that the employed
nanotubes have a much lower effective radial modulus than the
matrix material and are more readily to deform transversely, even
though they possess a higher longitudinal modulus. Therefore,
substantial radial deformations are expected in the nanotube due
to the residual compressive stress, which leads to a more intimate
contact between the nanotube and the contacting Al grains. In
addition, the asperity of local Al grains may enforce a substantial
local deformation on the CNT surface, resulting in lock-in effects,
and thus contributing to the interfacial load transfer and a higher
interfacial strength. This envisioned lock-in effect is expected to be
more prominent for nanotubes with a smaller number of walls that
reportedly possess lower radial modulus [44,45].

Another possible mechanism that may lead to an increase of the
CNT-Al interface after thermal-annealing is the formation of the
reaction product on the interface. Thermogravimetric analysis
(TGA) experiments show that a noticeable thermal oxidation of the
employed DWCNTs starts at 450 �C in air. Therefore, the embedded
CNTs inside the sandwiched thin-film nanocomposite were able to
maintain their structural integrity when annealed at up to 400 �C.
However, carbon atoms may react with Al atoms to form Al4C3 at
elevated temperatures, which reportedly have a substantial influ-
ence on the interfacial strength. Prior studies report that the for-
mation of this reaction product occurs at temperatures within a
range from 500 �C to 660 �C (melting temperature of Al) [16,17,46].
Considering that the tested CNT-Al samples were annealed at a
much lower temperature, it is highly possible that this reaction
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product either did not exist or existed in a minimal quantity that
has little or no influence on the interfacial strength. We performed
XPS and Raman measurements to further investigate the presence/
absence of Al4C3 in thermally annealed CNT-Al samples. Prior
studies report the binding energies of 73.6 eV for Al(2p) and of
282.4 eV for C(1s) in Al4C3 [47]. However, none of these charac-
teristic peaks were prominently exhibited in the Al(2p) and C(1s) x-
ray photoelectron spectra that were acquired on the thermally
annealed samples (see Figure S1 in Supporting Information).
Raman analysis has also been used to identify the formation of
Al4C3 after annealing process, showing two Al4C3 associated peaks
at around 490 cm�1 and 855 cm�1 respectively [48]. None of those
Al4C3 associated peaks were prominently exhibited in the recorded
Raman spectra of CNT-Al samples before and after annealing (see
Figure S2 in Supporting Information). Both XPS and Raman mea-
surements consistently indicate the reaction product Al4C3 was
either absent or existed in an extremely tiny, and probably unde-
tectable, amount in thermally annealed CNT-Al samples, thus
having little or no influence on the interfacial strength. The thermal
annealing may also lead to a densification of the metal films and a
thicker oxide layer on the surface of the Al grains in contact with
CNTs due to the penetration of oxygen atoms through the Al film
surface, the spacing between CNTs and Al grains, and/or even
through CNTs that act as transport pipes. The resulting denser Al
films and new or thicker Al2O3 layer on the CNT-Al interface lead to
a more intimate contact between CNT surfaces and Al grains and/or
the local lock-in effect, and thus contribute to its load transfer ca-
pacity and enhanced interfacial strength.

It is worthmentioning that the employed Al/CNT/Al sandwiched
composite structure facilitates the experimental and theoretical
investigation of the load transfer and the reinforcing mechanism in
CNT-based MMNC; however, the CNT-Al interface in this model
system is likely quite different from those in bulk MMNC manu-
factured for practical applications, which may go through various
processing and densification steps, such as ball milling, hot press-
ing, rolling, forging and extrusion. All these complex processing
steps may have substantial influences on the interfacial structure
and strength. The work presented here represents an early-stage
attempt in probing the CNT-Al binding phenomenon. More sys-
tematic studies of the binding interfaces in fiber-reinforced MMNC,
including both experimental and modeling/simulation efforts, are
Fig. 7. Theoretically predicted interfacial shear stress distribution: (a) for a non-treated CN
interface with an embedded tube length of 1300 nm. (A colour version of this figure can b
warranted to further decipher the reinforcing mechanism by
considering all of those complex manufacturing processes.

3. Conclusion

In summary, the mechanical strength of CNT-Al interfaces was
characterized by using in situ electron microscopy nanomechanical
single-tube pull-out techniques. The nanomechanical measure-
ments reveal the shear lag effect on the CNT-Al interface and the
effect of the thermal processing. The average IFSS of thermally
annealed CNT-Al interfaces is found to be noticeably higher than
the values for non-treated CNT-Al interfaces. The maximum load
bearing capacity of the annealed interfaces is found to be sub-
stantially higher than that of the comparable non-annealed in-
terfaces. The observed enhancement in mechanical strength of
CNT-Al interfaces due to thermal annealing is ascribed in part to
the compressive residual transverse stress applied to the
embedded tube by the surrounding Al grains due to their sub-
stantial difference in thermal expansion coefficient. The findings
are useful to better understand the load transfer mechanism in
CNT-reinforced MMNC and how to better optimize the reinforcing
performance through facile thermal processing.

4. Materials and methods

4.1. CNT-metal composite sample preparation and characterization

The employed double-walled carbon nanotubes (DWCNTs) were
synthesized by chemical vapor deposition methods and purchased
from Sigma-Aldrich. The nanotubes, originally in the form of dry
powders, were firstly separated in deionized water using ultra-
sonication for 2 h with the aid of ionic surfactants [49]. The Al film
was deposited at room temperature using an ATC Orion 8-E evap-
orator system (AJA International Inc.) with an Aluminum target of
99.999% in purity (Kamis Inc.) and a base vacuum of 1 � 10�8 torr.
The CNT-Al sandwich structure was formed by first depositing a
100-nm-thick Al film on a fresh Si substrate, followed by spin-
coating depositions of a well-dispersed nanotube solution and
then the deposition of another Al film of 100 nm in thickness on
top. The thermal annealing of the sandwiched composite sample
was performed on top of a hot plate in ambient environment. The
T-Al interface with an embedded tube length of 1100 nm; (b) for a thermally-treated
e viewed online.)



C. Yi et al. / Carbon 125 (2017) 93e102 101
samplewas first heated to 400 �C at a rate of 2 �C/min and then held
for 2 h. The cooling of the sample was controlled at a rate of 2 �C/
min. A whole annealing cycle takes about 8 h and 15 min. The CNT-
embedded thin-film composites (either with or without thermal
annealing) were broken by means of cracking the substrate using a
diamond scriber, and some of the embedded tubes were exposed as
straight free-standing cantilever structures.

The AFM characterization of the dispersed CNTs and the
deposited Al films were performed using a XE-70 AFM from Park
Systems. The XPS characterization of the deposited Al and Al-CNT
samples measurements were performed using a PHI 5000 Versa-
Probe instrument from Physical Electronics, Inc. Transmission
electron microscopy (TEM) characterization of the CNT-Al com-
posites with protruding tubes was performed using a JEM 2100F
TEM (JEOL Ltd.).

4.2. In situ single-tube nanomechanical pull out measurements

The in situ nanomechanical single-tube pull-out tests were
performed inside an FEI Nanolab 600 electron microscope by using
an experimental scheme that has been previously demonstrated for
the testing of the mechanical strength of CNT-polymer interfaces
[31,33,34]. In brief, silicon AFM probes (model CSG 01, NT-MDT)
were employed as the force sensors in the pull-out tests. The
spring constant of each employed AFM probe was calibrated using
thermal tuning methods [50] and was found to be within the range
of 0.04e0.09 N/m. The AFM sensor was mounted to a 3D piezo
stage that possesses 1 nm displace resolution in the X-Y-Z axes
[35,51,52] and was controlled to move at a rate of approximately
0.5e1 mm/s. The embedded tube length was measured directly
using the high resolution electron beam with a resolution of a few
nanometers. The pull-out load was calculated based on the spring
constant of the AFM force sensor and its last recorded deflection in
the pull-out test with a resolution of about 0.5e1 nN.
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