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Abstract

The nanoscratch behavior of nylon 66/SEBS-g-MA/clay ternary nanocomposites produced by different blending protocols with con-
trasting microstructures is studied by using atomic force and transmission electron microscopy. A standard diamond Berkovich indenter
is used for scratching and a low load of 1 mN, along with a low sliding velocity of 1 um s~ are employed for this purpose. It is shown
that in order to resist penetration it is more important to have exfoliated clay in the continuous nylon matrix during nanoscratching than
to have the clay in the dispersed soft rubber domains. The results obtained also explain the preferred usage of ternary nanocomposites
compared to binary nanocomposites, particularly nylon 66/exfoliated clay nanocomposites. This research extends current basic knowl-
edge and provides new insights on the nature of nanoscale processes that occur during nanoscratching of polymer nanocomposites. Crit-
ical questions are raised on the relationships between the penetration depth and material deformation and damage left behind the moving

indenter.
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1. Introduction

Recent advances in miniaturization of polymer compo-
nents for nanotechnology applications require the charac-
terization (hardness, elastic modulus and yield stress) of
their surface and near-surface mechanical properties as
these properties have been shown to govern the perfor-
mance of such components. For this purpose, depth-sens-
ing instruments, in particular nanoindentation, are being
widely used to probe the mechanical properties of a num-
ber of polymeric materials, including polyvinylchloride
(PVC), poly(methyl-methacrylate) (PMMA), poly(ethylene
terephthalate) (PET), poly(ethylene oxide) (PEO), nylon 6,
nylon 66 [1-9] and polymer nanocomposites, such as PEOQ/
clay [10], nylon 66/clay [11,12], nylon 12/clay [13], epoxy/
carbon nanotube (CNT) [14], nylon 6/CNT [15], nylon 6/
clay [16] and photopolymer/SiO, [17] nanocomposites.
This method relies on the local deformation induced by

* Corresponding author. Fax: +61 2 93513760.
E-mail address: zhongzhen.yu@aeromech.usyd.edu.au (Z.-Z. Yu).

an indenter of known geometry and applied load [18]. It
has been shown that, in general, with increasing filler load-
ing, the resistance to indentation of the nanocomposites
gradually increases.

However, for certain nanotechnology applications, such
as magnetic storage systems and micro-electromechanical
systems, particularly with moving parts and components
subject to intermittent or continuous contact, wear rates
must be almost zero for efficient functioning. For other
applications, such as nanomachining, nanopatterning and
nanofabrication, very small applied loads (uN and nN)
are used and, like mechanical scratching, they require
material surfaces to deform at the nanoscale and deliberate
removal of materials [19-21]. Hence, the nanoscratching
technique may also be used as a tool to determine the per-
formance of a material and hence assess its suitability for
various applications.

Nanoscratching has been extensively used to evaluate
the scratch, wear and friction behaviors of polymers
[22-25], polymer microcomposites [26,27], thin films
[28,29], magnetic coatings and electronic materials
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[30,31], and to a lesser extent polymer-based nanocompos-
ites [32-34] that are used as optical clear coatings. In the
case of simple polymers (epoxies, polycarbonate and
PMMA), nanoscale scratching results suggest that under
identical testing conditions, the surface damage encoun-
tered is material specific [22]. More importantly, the
mechanical properties of polymers (e.g. ductility and
modulus) are found to affect the surface damage observed
and the deformation mechanism involved when the poly-
mers are scratched at the nanoscale. Under the same nor-
mal scratching load, shallower grooves are formed on
higher-modulus polymers, and polymers plastically
deform if their surface ductility is higher.

Very few studies have focused on scratch damage in
polymer nanocomposites at the nanoscale. Li et al. [32]
used atomic force microscopy (AFM) to characterize the
scratch morphology, depth and width of scratch tracks
in nanoscale alumina-filled gelatin composite films. They
showed that the scratching resistance was greatly
improved with the addition of as-received Al,O3 nanopar-
ticles and this improvement was attributed to the increase
in yield stress and modulus caused by the addition of filler
owing to its load-bearing capability. In other studies
[33,34], it was also shown that nanoscale fillers could
reduce the scratch depth in both thermoplastic and ther-
moset composites by 50% compared to their unfilled
and micron-size-filled counterparts. However, in all these
previous investigations, little attention was paid to the
deformation and subsequent morphology of the surface
and subsurface materials within the scratch track left
behind the moving indenter tip. But this basic knowledge
is critical to understanding and controlling material dam-
age and material removal. Moreover, only a few attempts
have been made to model the stress fields induced by dif-
ferent slider geometries due to the complexities involved
in scratch damage, particularly for polymer nanocompos-
ites at the nanoscale. Thus, no explicit correlations
between material parameters and scratch damage are cur-
rently available. The main aim of this study is to under-
stand the structure-scratch resistance relationship by
revealing the nanoscale nature of intimate contact. We
have used AFM and transmission electron microscopy
(TEM) during nanoscratching of nylon 66-based ternary
nanocomposites with contrasting microstructures. Nanos-
cratching was performed with a standard diamond Berko-
vich indenter at a low load of 1 mN and a slow sliding
speed of 1 ums~'. To the best of our knowledge, this is
the first study of nanoscratch damage in polymer
nanocomposites based on rigid clay and/or soft rubber
as nano-additives. It is expected that experimental evi-
dence of the nanoscratch damage mechanisms obtained
will help us to develop models to predict material removal
and design scratch/wear-resistant polymers with nano-
additives.

As the interfaces between fillers and matrix in a polymer
nanocomposite constitute a very high volume fraction of
the bulk material, polymers often show improved mechan-

ical properties if they possess a multicomponent, phase-
separated morphology at the nanoscale [35]. From the tri-
bological viewpoint, the major benefit of these polymer
nanocomposites relative to micro-sized particle composites
is that material removal is expected to be less as the nano-
additives are of a similar size to the segments of the sur-
rounding polymer chains [36-39]. This is possible owing
to the much greater surface area-to-volume ratio of the
nano-additives, which is important for bonding the particle
to the polymer matrix. In addition to the influence on the
tribological performance of the composites, the nano-addi-
tives also change the crystallinity, microstructure, physical
and mechanical properties of the polymer matrix [40].
Therefore, a basic understanding of the nanotribological
mechanisms is critical for evaluation of the deformation
of asperities, crack initiation and growth, material removal,
etc.

In our previous study, to obtain a balance in mechanical
properties, i.e. high stiffness/strength and high toughness,
nylon 66-based ternary nanocomposites were synthesized
with organoclay as the reinforcing agent and a soft elasto-
mer, SEBS-g-MA, as the toughening agent [41,42]. In addi-
tion, the effect of blending sequence on these ternary
nanocomposites was studied. Distinct differences in the
microstructures were obtained depending on the blending
protocol. We have also shown that the level of
enhancement in fracture toughness of these ternary nano-
composites depends on the capability of different fillers to
activate the plastic deformation mechanisms in the matrix
and the blending protocol employed [43]. These mecha-
nisms include: cavitation of SEBS-g-MA phase, stretching
of the voided matrix material, interfacial debonding of
SEBS-g-MA particles, debonding of the intercalated clay
present inside the SEBS-g-MA phase, and delamination
of intercalated clay platelets. It has also been shown that
if the clay is embedded in the dispersed rubber particles,
it has a negative influence on fracture toughness since this
makes the rubber more rigid and reduces its capability to
cavitate.

2. Experimental work
2.1. Preparation of materials

Nylon 66, a polyamide resin with a trade name of
Vydyne® 21PC, was supplied by Monsanto. Organoclay
with a cation exchange capacity of 90 mequiv/100 g (trade
name Cloisite® 30B) was obtained from Southern Clay
Products Inc. via Jim Chambers & Associates, Australia.
More information on the experimental materials and extru-
sion conditions is given elsewhere [41]. Four blending pro-
tocols were adopted for the preparation of ternary
nanocomposites:

N1 (nylon 66 + SEBS-g-MA + organoclay) (80/15/5) —
indicates that nylon 66, SEBS-g-MA and organoclay
were blended simultaneously;
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N2 (nylon 66 + SEBS-g-MA) + organoclay (80/15/5) —
indicates that nylon 66 was blended with SEBS-g-
MA first and the nylon 66/SEBS-g-MA blend was
then mixed with the organoclay later;

N3 (nylon 66 + organoclay) + SEBS-g-MA (80/5/15) —
indicates that nylon 66 was reinforced with organo-
clay first and the nylon 66/organoclay nanocomposite
was then blended with SEBS-g-MA later;

N4 nylon 66 + (SEBS-g-MA + organoclay) (80/15/5) —
indicates that SEBS-g-MA was mixed with organo-
clay and then the SEBS-g-MA/organoclay master
batch was blended with nylon 66 later.

In addition, pure nylon 66 (B0), nylon 66/organoclay
(80/5) binary nanocomposite (B1) and nylon 66/SEBS-g-
MA (80/15) binary blend (B2) were also prepared under
identical conditions. The extrudates of all the samples were
pelletized and dried at 90 °C under vacuum for 12 h before
being injection molded using a SZ-160/80 NB (China). The
temperatures at the barrel and the mold were maintained at
270 and 70 °C, respectively.

2.2. Mechanical testing

Nanoscratch tests were carried out on finely polished,
injection-molded specimens using a depth-sensing UMIS
nanoindentation system (CSIRO, Australia), capable of
recording the lateral force. Experiments were performed
using a Berkovich three-sided pyramidal diamond indenter
with a nominal angle (defined by the tip axis and faces) of
65.3° and a nominal radius of curvature of ~182 nm.
Nanoscratching was done with the face-on orientation of
the indenter at a normal load of 1 mN and a sliding speed
of 1 pm s™'. The scratch length was set at 100 pm. In addi-
tion to the nanoscratch tests, nanoindentation tests were
also carried out with the same indenter at different loads
of 1 and 5 mN. At least five tests were carried out for each
condition and all the tests were performed at ambient
(22 +1°C). The notched impact strength (Jm™') was
determined with an ITR-2000 instrumented impact tester
according to ASTM D256 on the injection-molded rectan-

Table 1

gular bars machined with a 45° V-notch (and depth of
2.54 mm) and listed in Table 1.

2.3. Microscopic analysis

2.3.1. Transmission electron microscopy

To study the microstructures of the four ternary nano-
composites prepared by different blending sequences,
ultra-thin sections ranging from 60 to 90 nm in thickness
were cryogenically cut with a diamond knife in liquid nitro-
gen at —80 °C using a Leica Ultracut S microtome. Sections
were collected on holey formvar/carbon-coated copper
grids and carefully stained with osmium tetroxide (OsOy)
vapor to enhance the phase contrast between nylon 66, clay
and SEBS-g-MA. Subsequently, the thin sections were
observed using a Philips CM12 transmission electron
microscope at an accelerating voltage of 120 kV.

2.3.2. Atomic force microscopy

Nanoscratch-tested specimens were examined by AFM
to study the nature of nanoscale contact and the effect of
microstructure on the deformation process. AFM was car-
ried out using a Nanoscope (R) Illa (Digital Instruments,
Santa Barbara, CA) in the tapping mode. The tapping
mode was preferred to the contact mode to prevent possi-
ble surface damage arising from continuous contact. All
the scans were made at ambient conditions and the tip used
was a tapping mode etched silicon probe (TESP). The scan
parameters and AFM scan-leveling procedures were identi-
cal for all the studied composites to enable direct compar-
isons of images. Multiple images were taken at a number of
locations along the scratch on each sample so as to ensure
that the images were true representatives of the topography
of the surface, and were not characteristics of artefacts.

2.3.3. Post-mortem TEM analyses

Cross-sections of the subsurface beneath the scratch
track were prepared by cryo-ultramicrotoming, and TEM
analyses were conducted on those sections to study the
damage that had occurred in the plastic zone under the
indenter for some selected samples.

Mechanical and scratch properties of ternary nanocomposites (properties of pure nylon 66 (NO) are given as a base reference)

Specimen Scratch penetration Hardness Elastic modulus Notched impact strength ~ Bulk elastic modulus
depth (nm) (GPa) (GPa) (Im™ (GPa)
NO: pure nylon 66 310 £8 0.11£0.01 1.35£0.02 62.5+33 2.95+0.05
NI1: (nylon 66 250 +9 0.114+0.014  1.43+0.05 102.9 £+ 10.6 2.544+0.11
+ organoclay + SEBS-g-MA)
N2: (nylon 66 + SEBS-g-MA) 305+ 10 0.10+£0.015  1.12+0.07 789 +39 2.53 +£0.07
+ organoclay
N3: (nylon 66 210+ 7 0.14 +£0.008  1.82+0.02 117.6 £ 16.3 2.65+0.03
+ organoclay) + SEBS-g-MA
N4: nylon 66 + (SEBS-g-MA 365+ 11 0.10 +0.02 0.99 +0.08 659439 2.63 +£0.02

+ organoclay)
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3. Results and discussion
3.1. Microstructure

In our previous paper [41], we have shown the differ-
ences in the microstructures of binary and ternary nano-
composites produced by different blending sequences.
However, to clearly follow the nanoscratching results, it
is appropriate to briefly review again these distinct differ-
ences in the microstructures of nylon 66/organoclay/
SEBS-g-MA ternary nanocomposites (N1-N4). Before
describing the microstructures of these ternary nanocom-
posites, it is important to note that in the binary nanocom-
posite (B1), the clay platelets are well dispersed and
distributed; while in the binary blend (B2), use of a grafted
maleic anhydride results in the formation of a graft copoly-
mer (nylon 66-co-SEBS-g-MA) generated by the reaction
of the grafted maleic anhydride (MA) with the nylon amine
end groups during the melt-compounding process. This
grafted copolymer strengthens the interface between the
phases (nylon 66 and SEBS), reduces interfacial tension,
and also provides steric stabilization that retards the coa-
lescence of the dispersed phase [44], thereby forming stable,
finely dispersed and homogenized rubber particles in B2.

| (ﬁlﬁ‘l

TEM micrographs of the ternary nanocomposites, N1-
N4, are shown in Fig. 1 [41]. Note that the rubber particles
are intentionally stained very lightly so as to clearly identify
even the fine clay layers present in rubber particles. In N1
and N2, it can be seen that the SEBS-g-MA particles are
finely dispersed in the nylon 66 matrix. The presence of clay
does not seem to have a significant influence on the disper-
sion quality of the SEBS-g-MA phase in these sequences.
However, depending on the interaction of clay with nylon
66 matrix and SEBS-g-MA particles, the dispersion quality
of clay varied. Because nylon 66 is more polar than SEBS-
g-MA, silicate layers seems to be well dispersed in the for-
mer, whereas thick platelets of clay are evident in the latter.
In addition, the percentage of clay seems to be distributed
equally between the nylon 66 matrix and SEBS-g-MA
phase in N1 and N2. In N3, most of the clay seems to be
present in the nylon 66 matrix with good dispersion and
distribution, which suggests that this blending sequence,
i.e. preparing a binary nylon/clay nanocomposite first,
and then blending with rubber, is the best route regarding
the dispersion quality of clay. In contrast, N4 exhibits a
completely different behavior from N3 and N1 or N2. Most
of the clay is present in the SEBS-g-MA phase as clay is
blended with rubber first. As indicated above, the relatively

1 (.)?O-nm

1100 nm

Fig. 1. TEM micrographs showing the dispersion quality of the fillers (clay and SEBS-g-MA particles) in ternary nylon 66/clay/SEBS-g-MA
nanocomposites (N1-N4). The rubber particles, particularly in N1-N3, are stained very lightly to clearly identify even the fine clay layers embedded
within. White dotted lines on the micrographs show approximate boundaries of the rubber particles.
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low polar nature of SEBS-g-MA cannot exfoliate the sili-
cate layers and results in an intercalated structure within
the SEBS-g-MA phase. These contrasting differences in
microstructures and the formation of distinct nanodomains
in N1-N4 significantly affect the friction and the resistance
to nanoscratching and nanoindentation (see below).

In our previous work [43], the state of exfoliation and
dispersion of clay in nylon 66 matrix and SEBS-g-MA
phase were also quantified as the presence of clay in rubber
is shown to have a negative effect on the latter’s cavitation
ability and in turn on the fracture toughness of the nano-
composites. Table 2 shows the average length, thickness
and aspect ratio of clay particles, together with the appar-
ent content of clay in nylon 66 matrix and in SEBS-g-MA
particles. It can be seen that the aspect ratio of clay parti-
cles in B1 (~50) is not very high and different to that under
ideal conditions (several hundreds to thousands), which
points to the practical difficulty of clay reinforcement.
Compared to the binary nanocomposite, the aspect ratio
of clay particles is even worse in the ternary
nanocomposites.

3.2. Nanoscratching

3.2.1. Friction

In Fig. 2, the average coefficient of friction is plotted
against the scratch length for N1-N4 at a normal load of
1 mN and a scratching speed of 1 pms~'. The standard
deviations plotted against the mean curve are for five tests.
As the surface roughness and/or local slope of the asperities
significantly influences the attractive forces (van der Waal/
capillary forces) experienced by the indenter tip, which
affects the lateral force/frictional force measured, samples
are finely polished before the nanoscratching experiments
in order to produce a roughness in the range 10-15 nm.
Fig. 2 shows that the friction coefficients are different
among N1-N4, suggesting variations in their deformation
behaviors. N3 shows the highest average coefficient of fric-
tion; N4 the least.

3.2.2. Scratch morphology

Three-dimensional (3-D) AFM micrographs showing
differences in the scratch behavior of the four ternary
nanocomposites with distinctly different microstructures
at identical scratch conditions (normal load of 1mN
and scratch velocity of 1 pums™') at a field of view of
20 x 20 um are given in Fig. 3. On the scratch tracks of
all the ternary nanocomposites there are obvious plasti-
cally torn materials on the walls of the groove with a
repeating pattern. In general, during nanoscratching, par-
ticularly at very low loads of the order of a few nN, this
periodic pattern is observed in many materials. This has
invariably been attributed to the “stick-slip” process [45]
that occurs between the indenter tip asperities and the
contacting material asperities. However, in the present
case, no correlation exists when the length scale of the
periodic pattern (shown in Fig. 3) is compared to their

Table 2

Quantification of clay particles® present in nylon 66 matrix and SEBS-g-MA particles in binary (B1) and ternary nanocomposites (N1-N4) using a semi-automated approach

In SEBS-g-MA particles

In nylon 66 matrix

Specimen

Aspect ratio of  Apparent % of clay

Average thickness of
clay particles (nm)

Average length of
clay particles (nm)

Aspect ratio of ~ Apparent % of clay

Average thickness of
clay particles (nm)

1.9
2.1

Average length of
clay particles (nm)

95
80
81

(based on thickness)

clay particles

(based on thickness)

100

clay particles

50
38
37
32
22

B1

50
54
20
82

22
20

34
32
3.0

4.7

75

50
46

N1

65

22
22
3.2

N2

19
15

58
70

80
18

72
71

N3

N4

% The sampling size for the calculation of these data is more than 1500 particles.
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Fig. 2. Average coefficient of friction vs. scratch length for four ternary
nanocomposites.

frictional coefficient data obtained along the scratch
length (Fig. 2). Hence, the periodic pattern observed in
these materials does not seem to relate to the “stick-slip”
behavior. Instead, these repeated, periodic plastically torn
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materials on the sides of the groove within the scratch
tracks may be a result of the sequential accumulation
and release of the tangential force along the scratch length
due to the viscoelastic nature of these polymers. This type
of periodic pattern in the scratch tracks is also observed
for many polymeric materials at higher applied normal
loads [46-48]. Also, no evidence of cutting marks, chip
formation and cracks within the scratch grooves could
be found for any of the ternary nanocomposites (N1-
N4); and it seems that the viscoelastic recovery at the rear
end of the contact is accompanied by plastic plowing pro-
cesses in front where the material is moved to the sides
and pushed ahead of the moving indenter. However, there
is little pile-up of material on both sides of the grooves,
which may be due to the shape of the Berkovich indenter,
the attack angle of which generally flattens the pile-ups,
particularly at low loads [49]. This therefore results in
more pronounced grooves. This behavior is clearly shown
in the nylon 66/SEBS-g-MA soft blend (see below,
Fig. 4). Furthermore, the size of contact is controlled by
the compressive strength of the surface, resisting the
motion of the indenter in front. The tensile stresses on
the surface just behind the indenter control the formation
of surface cracks, while in the shear-stress-dominant

M

5 10

Fig. 3. 3-D AFM micrographs showing differences in nanoscratch deformation behaviors of nylon 66/organoclay/SEBS-g-MA ternary nanocomposites at

a 20 x 20 pm field of view.
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Nylon 66/SEBS-g-MA

L3

3 N;ﬂon 66/0Organoclay x

€ .

Fig. 4. 2-D AFM micrographs showing differences in the nanoscratch deformation behavior of two binary nanocomposites (nylon 66/SEBS-g-MA and
nylon 66/organoclay) at a 20 x 20 um field of view. The arrows indicate brittle cracks in the nylon/clay system.

region of the scratched subsurface these stresses may also
lead to debonding between phases and cracking.

Apart from the negligible differences in the topographi-
cal features of the nanoscratched ternary nanocomposites,
there is a clear distinction in the scratch residual depth
(which is indicative of the specific nanowear rate) as mea-
sured by AFM (N1: 250 +£9 nm, N2: 300 4+ 10 nm, N3:
210 4+ 7 nm, N4: 365 4+ 11 nm). N3, which has the highest
amount of exfoliated clay in nylon 66 matrix rather than
in the SEBS-g-MA particles, shows the lowest scratch
residual depth. In contrast, N4, which has the least amount
of clay in the continuous nylon 66 matrix, has the largest
scratch penetration. This indicates that to maximize the
nanoscratch resistance, it is far more effective to have the
exfoliated clay embedded in the continuous nylon 66
matrix phase rather than in the dispersed soft rubber
domains. In addition, even though N1 and N2 have similar
microstructures, different penetration depths can be attrib-
uted to the blending protocol employed. In N2, a two-step
blending protocol is employed to prepare the final nano-
composite, whereas N1 is fabricated by a one-step extru-
sion process. Analogous to this behavior, N1 and N2
also showed differences in fracture behavior despite their
similar microstructures [43].

However, a critical question may be raised about the use
of ternary nanocomposites instead of binary nanocompos-
ites, especially nylon 66/clay nanocomposites, in which the
finely dispersed clay has a strong constraining effect on the
matrix chains. The purpose of adding both a stiffener and a
toughener to the polymer matrix can be easily understood
if the nanoscratch morphologies of the binary nanocom-
posites (nylon 66/organoclay and nylon 66/SEBS-g-MA)
are revealed and compared. Fig. 4 shows two-dimensional
AFM micrographs of the binary nanocomposites.
Enhanced plastic flow and pronounced grooves associated
with the nanoscratch (penetration depth ~390 4+ 19 nm)
can be found in the soft SEBS-g-MA/nylon 66 blend. In

contrast, brittle cracks occur during nanoscratching of
nylon 66/clay nanocomposite even though the penetration
depth (~240 4+ 8 nm) is comparable to that found in N1
and N3 ternary nanocomposites and other features, and
mechanisms such as the presence of repeated, periodic plas-
tically torn materials on the sides of the groove within the
scratch tracks are similar to those found in all the ternary
nanocomposites. These cracks may be formed as a result
of the higher tensile stresses behind the indenter in this stiff
nanocomposite (see below). Thus, it may be inferred that
the lower degree of plastic flow in the ternary nanocompos-
ites is due to the presence of a stiff phase, such as clay;
while the resistance to brittle cracks is caused by the pres-
ence of the soft phase, i.e. SEBS-g-MA.

In addition, TEM (of the cross-section beneath the
scratch track) is used to identify probable reasons for the
brittle cracks observed in Bl (nylon 66/clay binary nano-
composite) and to clarify whether the cracks are only
formed on the surface (as seen in Fig. 4) or underneath
the scratch track. Fig. 5 shows TEM micrographs of the
subsurface material beneath the scratch track in Bl caused
by an applied load of 1 mN and a scratch velocity of
1 um s~ (taken from location ‘X’ in Fig. 4 from a plane
normal to the sliding direction). Submicron and nano-
cracks associated with the clay layers up to 500 nm below
the track are clearly seen. The high-magnification micro-
graph also shows that these fine cracks are formed between
clay layers. When the sample is scratched by an indenter
under an applied normal load, the maximum tensile stress
is on the surface just behind the indenter. It has previously
been suggested, based on the Hamilton-Goodman scratch
model [50], that the higher maximum tensile stress on the
surface of higher-modulus polymers may lead to the forma-
tion of surface cracks, cavitation and debonding between
phases of multiphase polymers [51]. Further, the debond-
ing between phases and cracking may be easily generated
by internal sliding friction in the shear-stress dominant
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|
100 nm

]
50 nm

Fig. 5. TEM micrographs at two magnifications (a, b) of the subsurface damage beneath the scratch track in BI (taken from location “X” along a plane
normal to the sliding direction in Fig. 4) tested at an applied load of 1 mN and a scratch velocity of 1 pm s™!. Arrows indicate nanocracks, which are
associated with delaminations between the clay layers and the scratch track extends along the x, y-plane away from the top in (a).

region of the scratch subsurface. Compared to a single-pass
scratch, under repeated sliding conditions, it is believed
that the subsurface damage may extend and detach to form
wear debris. In the present case, because of the weak elec-
trostatic interactions between the clay interlayers, intra-gal-
lery delaminations of preferentially oriented clay platelets
occur, and nanocracks are formed under the prevalent
stress conditions. In Fig. 5, a submicron edge crack at
the surface of the scratch appears to almost link up with
an adjacent subsurface crack. This gives the impression
that the crack growth is normal to the surface, which is
due to the fact that the planar dimensions of the delami-
nated platelets are along the sliding direction. This is unlike
the case of ‘delamination wear’ where the cracks are nucle-
ated below the surface and propagate parallel to — rather
than perpendicular to — the surface under repeated sliding.

In addition, as shown in Table 2, the average thickness of
the clay particles present in Bl is ~1.9 nm, which indicates
that on average only a couple of clay platelets may be pres-
ent in each particle. But there is still a noticeable amount of
delamination from the intra-gallery of the clay platelets. It
is important to mention that the submicron and nano-
cracks observed here are not artefacts of the microtoming
process. To ensure that the results were indeed typical of
the scratch damage process, unscratched specimens were
also microtomed and observed under similar conditions;
it was confirmed that no such cracks were present [42].
Also, it should be noted that the cutting speed used for sec-
tioning these materials was very low (0.2 mm s™"), a sharp
diamond knife was preferred to a glass knife, and micro-
toming was performed at cryo-conditions to avoid any sort
of plastic deformation.
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M

Fig. 6. 2-D AFM phase images showing differences in void formation during nanoscratch deformation of N1-N4. The dark phase represents the SEBS-g-
MA and the continuous bright phase is nylon 66. Note the differences in the field of view.

3.2.3. Phase morphology

To understand the above results of scratch penetration
and coefficient of friction in N1-N4 (i.e. higher frictional
coefficients corresponding to lower penetration depths
and vice versa), phase and amplitude (not shown here)
AFM imaging was conducted on the scratched surfaces
in all four polymer nanocomposites. 2-D phase AFM
micrographs at different fields of view are shown in Fig. 6
for N1-N4. The dark zones are the soft SEBS-g-MA phase
and the light, continuous phase is nylon 66 matrix. The
interface of SEBS-g-MA and nylon 66 observed in the
phase AFM images is not sharp because, as shown by
Wu [52], the interfacial zone for grafted rubber and nylon
matrix is about 50 nm. It seems that different extents of
void formation are present in different materials (N1-N4)
in the scratch damage region even at the light load

(1 mN) and low speed (1 pm s~ ') applied here. In compar-
ison to binary nylon 66/clay nanocomposite (B1) where
brittle cracks are seen in the scratch track, in these ternary
nanocomposites, although cracks cannot be found, nano-
to submicron voids are, however, observed on the surfaces.
These voids occur preferentially in the dispersed soft
nanodomains of the SEBS-g-MA (dark zones) and are very
different in size in all four nanocomposites.

The voids in Fig. 6 all occur on the surface of the scratch
and may be caused by: (a) debonding of clay from matrix
or SEBS-g-MA particles, (b) debonding of SEBS-g-MA
particles from matrix or (c) cavitation of SEBS-g-MA dis-
persed particles. The predominant mechanism depends on
the critical stress required and the material. It is noted that
many more voids are seen in N3 and fewer in N4, with N1
and N2 in between. These observations are consistent with
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the different frictions recorded in Fig. 2. That is, more fric-
tion work is dissipated to create more voids, such as in N3,
which may be mainly due to mechanisms (b) and (c). In N1,
N2 and N4, the voids are formed due to one of three mech-
anisms (a), (b) and (c). However, it is very difficult to
clearly recognize the exact mechanisms responsible for
the formation of voids from the AFM phase images shown
here as it is difficult to identify the nanoclay layers at this
field of view; furthermore, it is not appropriate to try and
distinguish ~1.9 nm thick nanoclay layers with a tip
~100 times bigger than the thickness of clay layers.
Post-mortem TEM analysis has been conducted on
cross-sections beneath the scratch track on N3 and N4 in

500 nm

Fig. 7. TEM micrographs at two magnifications (a, b) of subsurface
damage beneath the scratch track in N3 tested at an applied load of 1 mN
and a scratch velocity of 1 ym s~'. The arrow indicates the cavitation of
SEBS-g-MA particles. The scratch track extends along the x, y-plane away
from the top in (a).

order to better understand the damage induced by scratch-
ing, since they represent the two extremes of voids formed.
Figs. 7 and 8 identify the subsurface damage in N3 and N4,
respectively, showing clear differences due to the effect of
microstructure of the nanocomposites. In N3, clay is least
present in the rubber particles and so the rubber stiffness
is unaffected. Thus, those rubber particles close to the
scratched track experiences severe stretching, leading to
rubber/matrix debonding or rubber cavitation (Fig. 7).
However, the exfoliated clay in the nylon matrix enhances
the resistance to scratch deformation as indicated by this
material having the smallest scratch depth. Conversely, in
N4, the absence of clay in the matrix makes it easier to
deform plastically under the indenter with the largest
scratch depth. The rubber particles stiffened by the interca-
lated clay are less able to deform or cavitate. However,
debonding of clay from rubber particles can be seen in
Fig. 8(b), indicating the weak bonding strength between
intercalated clay and rubber. Also, the intercalated clay

Fig. 8. TEM micrographs at two magnifications (a, b) of subsurface
damage beneath the scratch track in N4 tested at an applied load of 1 mN
and a scratch velocity of 1 um s~!. Debonding of intercalated clay in the
matrix, along the particle-matrix interface and within the particles are
observed (indicated by arrows). The scratch track extends along the x, y-
plane away from the top in (a).
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may delaminate under the moving indenter load as shown
in Fig. 8(a).

From the above results and observations on scratch
damage, it is evident that: (i) the location of the stiff clay
layers determines the ultimate nanoscratch resistance
(residual penetration depth) of the polymer nanocompos-
ites, i.e. clay with a stabilized, exfoliated structure in the
nylon matrix constrains the matrix chains, thus reducing
the penetration depth; and (ii) compatibility of the different
additives with the matrix and amongst each other is neces-
sary to protect the integrity of the surface quality by min-
imizing the debonding of clay from rubber or delamination
of intercalated clay during scratch damage. Thus, of the
ternary nanocomposites, N3 has the best microstructure
in terms of resistance to nanoscratch penetration and
impact strength (Table 1). Unfortunately, such a material
is not desirable for practical applications because it has a
higher friction coefficient and the scratch damage is the
most severe with many submicron voids despite its lower
scratch penetration depth. For such purposes, it seems
N4 or just pure nylon, NO, can in fact be a better option
even though these materials have higher scratch penetra-
tion depths.

3.3. Nanoindentation

To corroborate the above results, nanoindentations of
the four ternary nanocomposites were conducted at low
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loads of 1 and 5 mN using the same Berkovich indenter
under similar testing conditions as nanoscratching. Typical
loading-hold-unloading vs. displacement curves are shown
in Fig. 9 at 5mN, and further support the observations
reported in Section 3.2. As a noticeable amount of creep
strain at the peak load is observed for all the samples, hold-
ing (60 s) at the peak load is maintained to allow for dissi-
pation of creep displacement and not affect the unloading
curves. The hold period has to be long enough to com-
pletely account for the creep, i.e. towards the end of hold
period the depth should be constant or the increase in
depth with time negligible. In the present study, the
increase in depths towards the end of hold period for all
the ternary nanocomposites is in the range of ~0.07—
0.3 nm. The standard deviations given in Fig. 9 are for five
tests plotted against the mean curves. To avoid confusions
due to overlapping of the standard deviations during the
hold period, these are not shown. The unloading data are
fitted to a power law function, as proposed by Oliver and
Pharr [18], to determine the hardness and modulus, which
are given in Table 1. The results clearly show that N3 has
the highest hardness and elastic modulus of the remaining
composites, hence emphasizing the importance of its
microstructure. Also, the elastic modulus values obtained
from nanoindentation are lower than those measured from
conventional tensile testing. Similar observations were also
reported in other polymer systems [11-13]. One of the
possible origins for this discrepancy may be the different
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Fig. 9. Loading-hold-unloading curves showing nanoscale differences in N1-N4.



646 A. Dasari et al. | Acta Materialia 55 (2007) 635-646

loading directions used for these measurements. Elastic
modulus is measured along the injection molding direction
in a tensile test where the polymer chains are expected to
align or orient in that direction; but normal to the injection
molding direction during nanoindentation. Further, in
clay-filled polymers, the orientation of clay with respect
to the loading conditions affects the measured values.
Another factor that may play a role is the local crystallinity
(important in nanoindentation) vs. bulk crystallinity
(determining factor in tensile testing) of a polymer.

4. Implications and conclusions

Many past studies have suggested that for superior
nanoscratch resistance, polymers with higher modulus are
preferred [22,51]. The present study, however, shows that
when dealing with polymer nanocomposites, modulus is
not the only factor that should be considered. Instead, an
in-depth understanding of all microstructural parameters
and their response to nanoscratch must be evaluated.
Detailed illustrations of the deformation and damage
behavior that accompanies the nanoscratch process have
been presented with the aid of AFM and TEM. These
observations have extended our current knowledge of the
role of nanoscale additives. In particular, the role played
by the nanoscale domains in the present composites in
determining the formation of surface brittle cracks or
nanovoids even at low load and speed is critical to the ulti-
mate performance of the material. Nevertheless, the scratch
penetration depth (200—400 nm) in the present work is still
on the high side. It is hence necessary to further reduce the
penetration depth by varying the applied load, sliding
speed or indenter geometry so that the scratch track is less
than or within the same size range as the nano-additives in
order to identify the real “nano-effect”.
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