www.acsami.org

Research Article

Adhesion Strengthening Mechanism of Carbon NanotubeEmbedded Epoxy Composites: A Fracture-Based Approach
Shuhuan Hu,# Wei Huang,# Fanchao Meng, Raymond H. W. Lam,* and Denvid Lau*
Cite This: https://doi.org/10.1021/acsami.1c20282

Downloaded via CITY UNIV OF HONG KONG on January 25, 2022 at 00:30:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Interfacial bonding integrity between diﬀerent
materials is critical to maintain the functionality of the entire
physical system in any scale, ranging from building structures down
to semiconductor transistors. For example, micro-patterned
polymers embedded with conductive nanoparticles [e.g., carbon
nanotubes (CNTs)] bonded with integrated circuits have been
applied as many emerging chemical/biological microelectronic
sensors. Nonetheless, it is challenging to measure and ensure the
interfacial bonding integrity between materials for consistent and
sustainable operations. Herein, we apply multiple interface
characterization methods based on micro-engineering and
microscopy as an integrative approach to reveal the mechanism
of interfacial reinforcement by adding CNTs in a matrix material.
An epoxy/CNT micro-beam is fabricated onto a silicon substrate, sandwiching a gold layer as an interfacial precrack. Superlayers of
chromium are then repeatedly deposited onto the microstructure, inducing stepwise increasing stress over the materials and the
corresponding micro-beam bending after detachment from the bonded interface. Accordingly, we can quantify key interfacial
fracture parameters such as crack length, steady-state energy release rate, and fracture toughness. By further examining the formation
and distribution of the micro-/nanostructures along the debonded interface using bright-ﬁeld microscopy, 3D ﬂuorescence imaging,
and scanning electron microscopy, we can identify the underlying dominant interfacial strengthening and fracture toughening
mechanisms. We further compare experimental results and theoretical predictions to quantify the interfacial bonding properties
between epoxy/CNT and silicon and unveil the underlying reinforcement mechanisms. The results provide insights to develop
polymer/nanoparticle composites with reinforced interfacial bonding integrity for more sustainable and reliable applications
including microelectronics, surface coatings, and adhesive materials.
KEYWORDS: interface, fracture, epoxy, CNT, microstructure
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INTRODUCTION
The interfacial bonding integrity between polymer and other
materials is critical in achieving proper functionality in many
engineering devices.1 For example, bonding strength between
the polymeric packaging materials and the silicon integrated
circuits largely determines the reliability of the microelectronic
devices.2 Interfacial crack formation between poly(ethylene
oxide) and the electrodes is a necessary concern in the solidstate Li-ion battery.3 Besides, the integration of conductive
nanoparticles into SU-8 epoxy has been applied as a sensing
element in many emerging chemical/biological microelectronic
devices,4 in which the bonding between SU-8 and silicon is an
essential concern.5 The requirement on the interfacial bonding
integrity limits our choice of materials and so as the device
performance. In other words, methods for the interfacial
reinforcement can induce further improvements of the devices
in terms of both sustainability and functionality.
To date, there are some strategies reported for reinforcing
the bonding of an interface layer between two materials. For
© XXXX American Chemical Society

polymers as one side of the interfacial materials, the
polymerization degree and the orientation of polymeric ﬁbers
can alter the interfacial toughness.6 However, it is often
technically diﬃcult to precisely control these molecular
properties. Microstructures such as the biphasic microneedle
array made of swellable polymers7 can also be applied to
enhance the interfacial strength via “mechanical interlocking”
with the adjacent material, yet the microstructures require a
compatible microfabrication process.8 More often, the
interfacial toughening has been achieved by embedding
randomly distributed stiﬀ inclusions such as ﬁbers or spherical
particles in the compliant material, in which stress trapping was
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used to alleviate the fracture propagation.9 Some nanomaterials
have also been embedded in the polymer or other engineering
material as a composite matrix10 for reinforcing the interfacial
bonding with a secondary material. For instance, the interfacial
bonding of poly(methyl methacrylate) can be reinforced by
few layers of functionalized graphene.11 Carbon nanotubes
(CNTs) have been largely employed as ideal ﬁllers to
interfacial reinforcement for a broad range of polymers12,13
due to their superior mechanical properties.14
Many studies suggest that CNTs can improve the interfacial
properties more signiﬁcantly in a broad range of the bilayer
material systems,15 and a few mechanisms have been proposed
to explain the further improvements by the CNT embedment.
For instance, the unique structure of covalently linked sp2bonded CNT networks may oﬀer a large surface area for
interacting with the porous polymeric matrix, possibly inducing
adhesive properties. The CNT ﬁbers may also help to transfer
the mechanical stresses to their tension and improve the
overall composite properties.12 Nonetheless, the CNT-speciﬁc
interfacial bonding enhancement has not yet been well
explained and proven. On the other hand, our group has
reported a micro-engineered strategy to quantify the interfacial
fracture properties between two bonded materials.16 A
precrack can be microfabricated between the micro-beam of
one selected material and another substrate material. By
sputtering chromium (Cr) overhead the entire microstructure,
the residual stress of Cr can induce the interfacial crack
propagation, which can be observed under a microscope,
scanning electron microscopy (SEM), or other micro-/
nanocharacterization tools. Remarkably, the induced stress
can be revealed as bending of the micro-beam that such a
micro-engineered strategy can oﬀer a signiﬁcantly higher
sensitivity of interfacial measurements (e.g., stress, crack front
location, and energy release rate) than the conventional
methods such as Moire interferometry.
Here, our previously developed micro-engineered strategy as
described above is applied to investigate interfacial reinforcement schemes. Speciﬁcally, we target the interfacial strengthening and fracture toughening of bonded epoxy-silicon by
embedding single-walled CNTs in the epoxy side. “SU-8”
epoxy is chosen as the epoxy material because it is widely used
in microelectronic devices.17 The interfacial bonding integrity
improved by the CNT additives is also examined by a broad
range of micro-/nanocharacterization means, for example,
optical microscopy, SEM, and atomic force microscopy
(AFM). We also explore the corresponding key interfacial
strengthening and fracture toughening mechanisms by
considering integratively both measurement results and
analytical models. Importantly, this microengineered strategy
can be further applied to a broad range of interfacial
conﬁgurations with diﬀerent particulates, matrices, and
substrate materials in order to reveal the corresponding
interfacial bonding integrity in a more comprehensive manner.

■

Research Article

Figure 1. Crack propagation inspection system. (a) Microstructure
conﬁguration for interfacial adhesion strength quantiﬁcation. (b) SEM
of the microfabricated epoxy/silicon bilayer system before (upper)
and after (lower) interfacial crack propagation. Scale bar: 200 μm. (c)
Expected light reﬂection over the debonded and bonded regions. The
debonded region with a curved surface detours the reﬂected light
beam. (d) Bright-ﬁeld micrograph at the crack front between the
bonded and debonded regions. Scale bar: 200 μm.

S1. A gold layer (thickness: 30 nm) was ﬁrst sputtered (Q150TS,
Quorum Technologies, UK) onto a silicon wafer and patterned by
photolithography in order to generate strips (width: 100 μm; length:
1000 μm) of gold regions. Next, the SU-8/CNT mixture was spincoated at 1500 rpm for 30 s onto the specimen for a thickness of 20
μm. After baking the specimen at 65 °C for 1 min and at 95 °C for 3
min, the SU-8/CNT layer was patterned by photolithography as
multiple micro-beams, each with an edge of the gold strip underneath
as a precrack region. In this process, the length direction of microbeams was aligned to the width direction of gold strips, such that the
“free” end of each micro-beam had a length of 50 μm overhead the
gold strip (step 3 in Figure S1). The SU-8/CNT micro-beams
(length: 800 μm; width: 160 μm; thickness: 20 μm) were fabricated
over a gold layer (thickness: 30 nm), whereas the SU-8/CNT body
behind the beam ﬁxed ends was bonded on the silicon substrate.
Compared to the bonding strength between silicon and SU-8/CNT,
the adhesion between gold and SU-8/CNT is much weaker and can
be neglected. In fact, detachment of the beams from the gold surface
can be observed after the fabrication. The specimen was then cut into
multiple sample pieces of 1 cm × 1 cm. The radius of curvature of
each sample was measured by a proﬁlometer (Dektak XT, Bruker,
USA).
Multiple runs sputtering deposition of chromium (Cr) were then
applied to coat Cr onto the microfabricated sample. After each Crdeposition run, the sample was examined for (1) the radius of
curvature of a released composite micro-beam using a nanoindentor
(Hysitron TI 700 Ubi, Bruker, USA), (2) the crack front location
under a metallographic microscope (BX60, Olympus, USA), and (3)
the micro-/nanostructure formation near the crack front using SEM
(Quanta 250 FEG, FEI, USA).
Quantiﬁcation of CNT Distribution. We adopted laser scanning
confocal microscopy (TCS-SP8, Leica Microsystems, Wetzlar,
Germany) to quantify the CNT distribution in the SU-8/CNT
composites. The layer-by-layer ﬂuorescence imaging was applied to
the composite layer without the overhead Cr deposition. Notably, the
ﬂuorescent property of SU-8 (excitation: 488 nm; emission: 500−800
nm18) can reveal the embedded CNTs as black spots in the
composite.

METHODS

Microstructure Fabrication. Single-walled CNTs (Timesnano,
Chengdu, China) with an average diameter of ∼2.5 nm and an
average length of 2 μm were ﬁrst dissolved into chloroform and
sonicated for 2 h. The CNT solution was then mixed with SU-8 (SU8 50, MicroChem, Westborough, MA) with a volumetric ratio
between chloroform and SU-8 of 2:1 to reduce the resultant viscosity
of the mixture. The mixture was sonicated for another 2 h.
Next, we generated the microstructured composite as shown in
Figure 1a by the microfabrication procedures, as described in Figure
B
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RESULTS AND DISCUSSION
Crack Propagation Inspection. In this work, the
interfacial fracture properties between CNT-embedded epoxy
and silicon have been studied using a high-sensitivity
microstructured technique developed by our group previously.16 We have generated microstructured specimens (Figure
1a) with the SU-8 epoxy embedded with diﬀerent weight ratios
of single-wall (SW) CNTs (length: ∼2 μm; diameter: <2.5
nm33) on silicon to quantify and investigate the interfacial
fracture properties. The fabrication process based on photolithography is described in Methods. A beam with a “precrack”
between silicon and SU-8/CNT is indicated in Figure 1a.
Afterward, the specimens have been repeatedly sputtered
with Cr overhead the SU-8/CNT layer. We have conﬁgured
the process parameters such that each Cr deposition run
deposits Cr with an additional thickness of 400 nm−600 nm.
This process also induces the residual stress of the Cr ﬁlm and
causes bending of the Cr/epoxy bilayer beam, as shown in
Figure 1b (upper). Meanwhile, stress in the SU-8/CNT layer
is also induced, especially over the regions bonded with the
underneath silicon. After each Cr deposition run, the
specimens should be examined under a bright-ﬁeld microscope. Because any debonded regions should curve away from
the silicon substrate under the planar tension of the overhead
Cr ﬁlm, light from the microscope cannot be reﬂected back to
the objective (Figure 1c) and therefore a dark area is observed
over the debonded region. A boundary between a dark area
and a reﬂective area in the captured microscopic image
indicates the underneath crack front location during the
interfacial fracture (Figure 1d). After a number of Cr
deposition runs, the increasing stress may exceed a threshold
for maintaining the interfacial bonding integrity between
silicon and SU-8/CNT, and the precrack propagates along the
interface behind the beam ﬁxed end (Figure 1b, lower). Such
crack propagation can reﬂect key properties of the interfacial
fracture (especially for the sliding mode) such as strength,
energy release rate, and fracture toughness.
Residual Stress Measurement. The mechanical parameters throughout the interfacial fracture between SU-8/CNT
and silicon can be revealed from the bending of the composite
micro-beams, driven by the residual stresses induced in the
deposited ﬁlms. It should be mentioned that the interfacial
stress between the composite and silicon contributed from
both the sole SU-8/CNT stress and the Cr-induced stress. The
residual stress (σf) of a coated thin ﬁlm on a substrate material
can induce bending of the resultant bilayer structure, as
described by the Stoney formula16

residual stress of Cr. We adopted the eﬀective modulus [Es/(1
− νs)] of silicon and Cr as 229 GPa19 and 116 GPa,20
respectively. For the SU-8/CNT composites with diﬀerent
CNT weight ratios, Young’s moduli have been measured as
summarized in Figure S2a and Poisson’s ratio is considered to
be 0.22.21 Our results indicate that the SU-8/CNT-stress is in
a range of 19.8−20.3 MPa and the Cr-stress is proportional to
the ﬁlm thickness (Figure 2a) with a good agreement with eq
1.

■
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Figure 2. Crack propagation induced by residual stress. (a) Residual
stress induced by the deposition of Cr with diﬀerent thicknesses. N =
10. (b) Crack length extended from the precrack as a function of the
residual stress and the CNT weight ratio in the CNT/SU-8 layer. A
higher residual stress is caused by a thicker deposited Cr layer. N > 5.
Error bars are standard deviations.

We have examined the specimens throughout multiple Cr
depositions. A critical thickness of the Cr layer can cause the
onset of interfacial fracture from the precrack location. The
critical thickness increases with the CNT weight ratio in SU-8:
1.2−1.6 μm for 0%, 1.6−2.2 μm for 0.1%, and 2.8−3.4 μm for
1%. The total residual stress levels corresponding to these
critical thicknesses can reﬂect the interfacial bonding strength,
indicating the interfacial reinforcement of adding CNTs in SU8, as shown in Figure 2b. It can also be observed that the crack
propagates with a further increased thickness of Cr.
Distribution of CNTs. It is well proven that CNT additives
can improve the mechanical properties of epoxy in a broad
range of aspects.22 The embedded CNTs near the interface
should aﬀect the interfacial properties more directly. Here, we
have characterized the distribution of CNTs with a prepared
bulk weight ratio in SU-8. We spin-coated, UV-exposed, and
cured SU-8/CNT with a CNT weight ratio on silicon, followed
by adopting the 3D confocal microscopic imaging for
visualizing the SU-8 matrix based on the ﬂuorescent properties
of SU-8.23 The CNTs can then be indicated as dark spots in
the images, as shown in Figure 3a and Figure S3. The CNT
weight ratios can be converted into the volumetric ratios with
the densities of CNT (=1800 kg/m324) and SU-8 (=1190 kg/
m325). We have observed that the local volumetric ratio of

(1)

where hf is the thickness of the coated thin ﬁlm, respectively;
Es, hs, and υs are the Young’s modulus, the thickness, and the
Poisson’s ratio of the composite substrate (silicon), respectively; and Ro and R are the radii of curvature of the substrate
surface before and after coating a thin ﬁlm, respectively.
The residual stresses of the sole SU-8/CNT ﬁlm and the Cr
layer can be determined accordingly. The curvature can be
measured (1) over the bonded region after coating the SU-8
layer using a proﬁlometer (Dektak XT, Bruker, USA) for the
residual stress of SU-8/CNT over the bonded region, and (2)
after deposition of the Cr ﬁlm over the debonded beam using a
nanoindenter (Hysitron TI 700 Ubi, Bruker, USA) for the
C
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SU-8 and silicon (∼0.11 J/m232), the interfacial CNTs can
contribute to the strength, fracture toughness, and other
interfacial properties as the reinforcement particulates.
Interfacial Strengthening. We further observe the crack
front under a microscope after washing away the Cr layer by
the standard chromium etchant (Sigma-Aldrich, St. Louis,
MO). The selected matrix material (SU-8) can oﬀer a good
optical transparency for the observation of the CNT
additives27 and the interface proﬁle. The crack front region
has been further examined by tilting the sample such that the
crack front region faced the microscope objective for better
observation, as shown in Figure 4a. The bonded−debonded

Figure 3. Distribution of the CNTs in the thin ﬁlm. (a) Top view
(right) and side view (bottom) of the CNT/SU-8 thin ﬁlm with a
CNT-weight ratio of 1% imaged by the 3D scanning under a confocal
microscope. CNTs appear as the dark spots. z speciﬁes the distance
from the silicon surface. Scale bars: 10 μm. The yellow dotted line
highlights the interface between the thin ﬁlm and the silicon substrate.
(b) CNT volumetric ratio averaged over the x−y plane with a
thickness of 0.5 μm against as a function of the distance away from the
silicon surface (z). Error bars identify standard deviations. The dotted
red line indicates the bulk volumetric ratio. Asterisk indicates a
signiﬁcant diﬀerence computed from the Student’s t-test. (c) Colormap of the CNT ratio near the interface (0 ≤ z ≤ 2 μm). Each color
point is calculated within a planar area of 0.5 × 0.5 μm2. (d) SEM of
CNT residuals on the silicon surface after the removal of SU-8. Scale
bar: 3 μm.

Figure 4. Interfacial strengthening. (a) Crack front between the
bonded and debonded regions was bowed by the embedded CNT
particles, appeared as black dots in the microscopic images. Scale bar:
5 μm. (b) Measured and predicted interfacial strength for diﬀerent
CNT weight ratios in SU-8.

interface expressed a proﬁle with the bowed-out dislocations
when the interface passed a CNT body, implicating
involvement of the particle hardening (described majorly by
the Orowan mechanism) during the interfacial fracture. Here,
we adopt an analytical particulate-reinforced relation called the
Orowan−Ashby equation28 to predict the increment of the
interfacial strength (ΔSIOrowan)

CNTs agrees with the bulk level [0.66% (v/v) for 0.1% (w/v),
and 0.31% (v/v) for 5% (w/v)]; except that the regions near
the bonding interface with silicon have denser CNTs, as
demonstrated in Figure 3b. This could be caused by the fact
that CNTs can still dislocate and rearrange in SU-8 under the
interatomic forces with epoxy and silicon before solidiﬁcation
of SU-8. The strong attraction between CNTs and silicon
substrate26 may keep CNTs near the interface for a relative
longer period throughout the molecular Brownian motion
before the SU-8 solidiﬁcation.
Afterward, we immersed one of the specimens in acetone at
80 °C for 2 h to remove the SU-8 matrix and imaged the
silicon surface by SEM. Some forests of the residual CNTs
have remained on the surface (Figure 3c), suggesting the direct
adhesion between CNTs and silicon over the composite/
silicon interface. In view of the higher adhesion energy
between CNTs and silicon (∼0.5 J/m229) than that between

ΔSIOrowan ≈

SImEmb
−1/3

8(1 + ν)YmπrCNT[(2c V )

− 1]

ln

rinter
b
(2)

where SIm is the interfacial strength between pure SU-8 and
silicon; Em is the Young’s modulus of pure SU-8; b (∼0.249
nm29) denotes the magnitude of the Burgers vector; ν is
Poisson’s ratio of pure SU-8; Ym (∼70 MPa30) is the yield
stress of pure SU-8; rCNT (∼1.5 nm33) is the average diameters
of individual CNTs; cv is the volumetric ratio of CNTs in the
composite near the interface with silicon, measured as
described above; and rinter is the average diameters of SU-8/
CNT interphases.
It has been reported that individual SWCNTs can be
considered as “broadly spherical” particles.31,32 The diameter
of the interphase can be obtained by a volumetric equivalence,
D
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that is, πrinter3/6 = πD2l/4,31,32 where rinter is the diameter of
the interphase, D is the eﬀective CNT diameter (10−20
nm31), and l is the length of CNT (∼2 μm). The calculated
diameter (67−107 nm) represents the size of an embedded
CNT together with the surrounding interphase.32,33 SIm is
considered as the residual stress level causing initial crack
propagation, which is measured from the residual stress
experiments. Our results (Figure 4b) indicate a reasonable
agreement between the measurements and the predicted
interfacial strength for CNT weight ratios of 0.1 and 1%,
suggesting that the embedded CNTs can induce major eﬀects
on the stress ﬁeld over the interface region and the resultant
strengthening as the Orowan mechanism. Nevertheless, a
better prediction could be achieved by also considering the
geometrical shape, orientation, and possible entanglement of
CNTs,34 especially for the higher weight ratio of CNTs.
Energy Release Rate. To further investigate the interfacial
fracture properties, we consider the key mechanical parameters, as conﬁgured in Figure 5a. We have quantiﬁed the steady-

and Ec* denote the eﬀective moduli of the two layers; It
(=wht3/12) and Ic (=whc3/12) denote the moments of inertia
of the two layers; σt and σc denote the residual stresses of the
two layers in the bonded region; Ft and Fc denote the forces of
the two layers in the released beam (Ft and Fc are obviously an
action and reaction pair, i.e., Ft = −Fc); and Mt and Mc denote
the moments about the two layers in the beam body.
To solve for Gss, we should take more mechanical relations
into account. We also consider the change of the strain along
the interface between the composite and Cr layers upon
debonding as
Ft
Et*wht

Because the released beam is in the steady state, the moment
must be balanced, that is, Mt + Mc = Ftht/2 − Fchc/2. Besides,
the radius of curvature right behind the crack front (RC) can be
measured by a nanoindenter, as mentioned previously. Hence,
we have also R C = Et*It /M t = Ec*Ic/Mc . We can then calculate
Ft, Fc, Mt, and Mc, and accordingly Gss.
The crack lengths for diﬀerent values of Gss and CNT weight
ratios and Cr thicknesses are summarized in Figure 5b. Gss
grows almost linearly with the crack length with a higher
growth rate for a higher CNT weight ratio (0.31 MJ/m3 for
0%, 0.32 MJ/m3 for 0.1%, and 0.388 MJ/m3 for 1%), as
reported in Figure S4a. Although characterization of the
elastic−plastic crack propagation is complicated, the theoretical analysis suggests that Gss should increase with the crack
length and the Young’s modulus of the composite for a short
crack length (≤100 μm),35 with a reasonable agreement with
our results (Figure S4b). On the other hand, it can be observed
that the fracture toughening eﬀect that Gss during the initial
crack propagation can be enhanced by embedding CNTs in
the SU-8 epoxy material.
Fracture Toughening. The interfacial fracture toughness
(Ki) is a function of Gss at the precrack region during the initial
crack propagation (Gss*) and the Young’s modulus of the
composite Ec: K i = (EcGss*)1/2 . The values Ki have been
determined as 159.5−189.0 MPa·m1/2 for pure SU-8, 195.7−
221.9 MPa·m1/2 for 0.1% CNTs, and 281.8−318.9 MPa·m1/2
for 1% CNTs (Figure 6a). We have further investigated
micro-/nanostructures formed over the fracture interface in
order to explore any toughening mechanisms. As a preliminary
analysis, we have peeled oﬀ the SU-8/CNT layer from the
silicon substrate with mechanical force and examined the
surface proﬁle of the debonded interface using an atomic force
microscope (Dimension Icon, Bruker, USA), as reported in
Figure 6b. SU-8/CNT induces a higher surface roughness over
the debonded interface on the silicon side (29.1 ± 7.9 nm)
than pure SU-8 (2.61 ± 0.17 nm). Individual CNT pull-outs
can also be found over the debonded silicon surface, suggesting
the pull-out mechanism. In fact, the adhesion strength between
CNTs and silicon (576−852 MPa36) is apparently higher than
the stress required for the crack propagation (Figure 2b);
therefore, it is expected that some CNTs can remain to adhere
with silicon after debonding.
We adopt an interfacial reinforcement mechanism based on
only the extra energy dissipation required for pulling out the
CNTs together with the surrounding interphase SU-8.37 The
corresponding enhancement of fracture toughness (ΔKp) for a

state energy release rate (Gss) during the debonding process.
Such an energy release rate is considered as the change in
strain energy per interfacial area before and after debonding.16
This can be considered as the energy conversion from residual
stress eﬀects to steady-state bending of the composite/Cr
beam with resultant force and moment development in each
layer. By considering the cross section of a material volume
before and after debonding as indicated in Figure 5a, Gss can
be calculated as
2
σt2ht
σ 2h
wM t2 yzz
1 ijj Ft
jj 2 +
zz
+ c c −
It z{
Et*
Ec*
Et* jk w ht
2
wMc2 yzz
1 ijj Fc
jj 2 +
zz
−
Ic z{
Ec* jk w hc

M tht /2
σ
Fc
M h /2
σ
− t =
− c c − c
Et*It
Et*
Ec*whc
Ec*Ic
Ec*
(4)

Figure 5. Interfacial energy release rate. (a) Key parameters
describing the energy release rate during the initial crack propagation.
(b) Energy release rate vs crack length for diﬀerent CNT weight ratios
in SU-8. Error bars are standard deviations. Solid lines are the ﬁtting
lines. N > 5.

Gss =

+
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(3)

where w is the beam width; ht and hc denote the thicknesses of
the Cr thin ﬁlm and the SU-8 composite layer, respectively; Et*
E
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Figure 6. Interfacial fracture toughness and fracture zone. (a)
Measured interfacial fracture toughness and prediction by the pull-out
and whisker model. (b) Micrographs and AFM scanning results of the
interfacial surfaces after peeling oﬀ the SU-8/CNT composite layer by
a mechanical force. Some CNT pull-outs are indicated by arrows.
Scale bars for micrographs and AFM are 10 μm and 0.5 μm,
respectively. (c) Micro-/nanostructures formed in the crack front
region. CNT pull-outs and micro-whiskers can be found along the
partially debonded interface between CNT/SU-8 and silicon.

small volumetric ratio (<0.1) of embedded CNTs can be
modeled as38
ΔK p ≈

2
ij
y
jjG* + c VSc rinter zzz Ec
− Km
jj m
2 z
3(1 + ν) Ec z{ 1 − ν 2
k

Figure 7. Micro-/nanostructures formed in the crack front region.
CNT pull-outs and micro-whiskers can be found along the partially
debonded interface between CNT/SU-8 and silicon.

enhancement of fracture toughness (ΔKw) through the whisker
bridging mechanism can be approximated as38

(5)

where Gm* and Km are initial interfacial energy release rate and
interfacial fracture toughness of SU-8; cv is the volumetric ratio
of CNT; Sc, Ec, and υ are tensile strength, Young’s modulus,
and Poisson’s ratio of the SU-8/CNT composite; and rinter
(∼100 nm39) is the characteristic radius of the CNT/SU-8
interphase. Sc values for diﬀerent CNT weight ratios have been
measured, as summarized in Figure S2b. However, the
predicted ΔKp is much smaller than the increased interfacial
fracture toughness for the SU-8/CNT composite (Figure S5).
In addition, we have taken SEM images of the interface
region near the crack front and realized the CNT pull-outs and
the formation of whisker structures (Figure 7). These
observations suggest that both CNT pull-out and bridging
mechanisms should be involved in the interfacial fracture
toughening eﬀect. In particular, multiple sand-timer-alike
micro-whiskers spread over a bridging region behind the
crack front. These micro-whiskers should contain CNTs
because some CNT pull-outs can be found around them
(lower left, Figure 7). Very likely, these micro-whiskers play an
important role in the interfacial toughening by forming an
additional bridging region and inducing the required fracture
energy for breaking such microstructures. The corresponding

ΔK w ≈

K m2 +

4Ecl w
(1 − ν 2)

×

cV Sw2
− Km
Ew

(6)

where Km is the interfacial fracture toughness of SU-8; Ec and υ
are Young’s modulus and Poisson’s ratio of the SU-8/CNT
composite; and Sw, Ew, and lw are strength, Young’s modulus,
and representative length of the micro-whiskers, respectively.
The fracture toughness computed based on model
prediction, that is, Ki = Km + ΔKp + ΔKw, is provided in
Figure 6a for comparison with the measured values.
Importantly, the results suggest that the micro-whiskers should
have a higher value of Sw2/Ew (∼3 times of the corresponding
value for the bulk composite, Sc2/Ec). A more detailed
examination on the micro-whisker can reveal that a bundle
of denser and well-aligned CNTs exist in the microstructure
with a diameter in the sub-micron scale (lower right, Figure 7).
The ultrahigh strength (∼50 GPa40) and Young’s modulus
(320−1470 GPa41) of CNTs should further reinforce the
micro-whiskers. In fact, it has been reported previously that the
well-aligned CNTs in a matrix material can oﬀer enhanced
interfacial fracture properties.42
F
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Notably, the micro-engineered interfacial bonding characterization strategy applied in this work can be further
implemented on a broad range of material interface
conﬁgurations. The substrate material (silicon) and the
embedded nano-particulate (CNTs) can be replaced for
other applications. In particular, the matrix material (SU-8)
can also be replaced by other nonphoto-patternable matrix
materials with a modiﬁed microfabrication process. As shown
in Figure S6, the photo-patterned SU-8 microstructures can be
used as (1) photoresist for patterning a secondary material
underneath43 or (2) sacriﬁcial layer for the replica molding44
for a wide range of polymers, which no longer require the
photo-patternable properties.
Though the adhesion schemes between silicon and CNT/
SU-8 nanocomposites manufactured by simple mixing of the
materials in this work are mainly physical, for example, by π−π
stacking, van der Waals, or charge transfer interactions,45 the
interfacial characterization strategy can be further utilized to
investigate other interfacial reinforcement mechanisms, including those involving chemical bonding between materials.
Particularly, mechanical properties of the composites can be
enhanced with the covalent bonding between materials. It has
been reported that a CNT−silica composite with the covalent
bonding between CNTs and silica can oﬀer a shear strength
12% higher than that without the covalent bonding.46 The
strong Si−C covalent bonding can be formed by various
processes such as magnesiothermic reduction of glass/CNT
powder,46 vacuum heating of CNT−Si powder mixtures at
1000−1300 °C,47 and growing CNTs on Si by thermal
chemical vapor deposition.48 On the other hand, the covalent
bonding between epoxy and CNTs can be formed by
introducing the carboxyl group, amine ester group onto the
CNT ﬁber49 in order to modify the mechanical properties of
the resultant composite.50 Together, further analyses on
composites with chemical bonding can provide a more
representative prediction of mechanical properties of the
composites.

entanglement of CNTs or other particulates. As this microengineered method can be further applied to diﬀerent material
interfaces, further applications can contribute to proper
conﬁgurations of not only SU-8/CNT composites but also
other polymeric composites as sensing and packaging elements
in microelectronics and a broad range of engineering
applications such as surface coating and adhesives.
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