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Abstract In this study, we report that a synergistic effect exists in the surface mechanical properties of nylon 6—clay
nanocomposites (NC) that can be shown by nanomechanical testing. The hardness, elastic modulus, and nanoindentation
creep behavior of nylon 6 and its nanocomposites with different filler loading produced by melt compounding were
contrasted to those of model nylon 6 sub-microcomposites (SMC) reinforced by sub-micro-thick silica flakes in which
constraint cannot occur due to the difference in filler geometry. Polymer chain constraint was assessed by the analysis
of nanoindentation creep data. Time-dependent creep decreased with increasing the filler loading in the NC consistent
with the clay platelets exerting a constraint effect on the polymer chains which increases with filler loading. In contrast,
there was no evidence of any reduced time-dependent creep for the SMC samples, consistent with a lack of constraint

expected due to much lower aspect ratio of the silica flakes.
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Introduction

After the initial reports into clay/polymer nanocomposites,
-6 the following years of extensive research have gradually
recognized the strength and weakness of these materials. In
terms of the mechanical reinforcement, this technology has
advantages over traditional micro-sized fiber and filler tech-
nology at low filler contents.” However, as the filler content
exceeds 5 wt.%, the efficiency of reinforcement of the clay/
polymer nanocomposite technology can rapidly decline
due to the difficulties in the exfoliation of the multi-layered
structure of clay and the onset of filler agglomeration to pro-
duce small stacks of clay platelets. Although attempts have
been made to produce nanocomposites with a well-ordered
structure of reinforcement using pre-exfoliated clay through
layer-by-layer assembly techniques,? the brittleness of the
composites produced by this method is a barrier to many
potential applications.

The mechanical properties of composites depend on the
interaction of many factors, such as the filler content, its spa-
tial distribution, and the crystallinity of the matrix, resulting
in complex behavior.?'® In clay/nylon 6 nanocomposites, the
glass transition temperature is usually unchanged or very
close to that of the unfilled nylon.®"" It is not yet clear to what
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extent the improvements in stiffness in clay/polymer nano-
composites are predominantly due to the incorporation of a
much stiffer clay filler or whether the filler improves the stiff-
ness and creep resistance by interaction with the polymer
matrix exerting a constraining effect on the polymer chains.To
maximize their potential, ideally NC would be designed with
synergistic benefits over the base polymer, but as yet, there
have been no reports that have clearly shown that such an
enhancement exists and contributes to the improved surface
mechanical properties. Vlasveld et al.'? applied the Halpin-Tsai
model originally designed for semi-crystalline polymers find-
ing that no additional stiffening from constraint factors was
necessary to explain the modulus enhancements in the clay/
nylon 6 nanocomposites they studied. Understanding the rela-
tive significance of these different enhancements in mechani-
cal properties with different processing conditions is a key step
in the development of improved fabrication and processing
routes capable of delivering polymer nanocomposites with
optimized mechanical properties.

Arecent review has highlighted that the current literature
provides apparently conflicting information on the synergis-
tic effects of polymer nanocomposites on their mechanical
properties.’® It is notable that many of the more remarka-
ble increases in modulus in nanocomposite systems occur
when the elastic modulus of the bulk polymer is very low.
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Nanomechanical testing provides a convenient route to
testing the mechanical behavior of novel polymer nanocom-
posites'*'® since only very small volumes are required. As a
surface-sensitive technique, it can provide information about
surface mechanical properties more relevant to applications
involving surface contact loading (e.g. sliding wear) than bulk
tensile testing. In addition to the determination of mechanical
properties, such as hardness (H) and elastic modulus (E), it
is possible to assess time-dependent behavior'*'*-2' and the
response of the composites to high-strain rate impact and
repetitive contact so that fatigue can be directly studied at
the nanoscale.?? In the majority of studies'™ there has been a
focus on reporting H and E with the time-dependent behav-
ior being an unwanted complication. However, with suitable
experimental design'#'°-?" the creep behavior of the polymeric
materials can be investigated at the same time as the deter-
mination of hardness and elastic modulus.

An investigation of the extent of homogeneity of the
load-displacement curves and analytical treatment of the
time-dependent behavior has the potential to provide infor-
mation on the mechanical homogeneity and the extent of
filler dispersion on finer length scales than accessible by
more macro-scale techniques. Nanoindentation creep in NC
has been studied previously with a range of behavior being
reported.™??*The creep of layered silicate/PA6 nanocompos-
ites has been reported to show reduced creep compared to
unfilled nylon.*?* However, for example, Shen and co-workers
found that higher nanoindentation creep in nylon 66 nano-
composites than for the base polymer.* Using X-ray diffraction
and optical microscopy, they found a reduction in the crystal
size and degree of crystallinity, concluding that morpholog-
ical changes were probably the main reasons for the greater
creep. Seltzer and co-workers have recently investigated the
nanoindentation creep behavior of skin and core regions of
injection molded samples of nylon 6/organoclay nanocom-
posites with 1.1-4.5 vol. % of organoclay. They found that for
their samples while organoclay does improve the indentation
creep resistance of nylon 6, the enhancement was solely due
to a decrease in the initial creep compliance at zero time as
the time-dependent creep was actually increased, i.e. in the
surface/near-surface region of their NC samples probed by
nanoindentation, there was no evidence of the organoclay
imparting a constraining effect on the polymer chains.

We have investigated whether the finding of Seltzer et al.
is more generally applicable by studying the nanomechanical
behavior and creep response of a set of NC samples with a
wider range of filler loadings from 3 to 20 wt.%. As the prop-
erties of the composites strongly depend on the filler size,
composites with fillers in the sub-micro range have been
investigated. Bonderer et al.*® demonstrated that compre-
hensive reinforcement of strength, stiffness, and toughness
can be achieved at relative high filler loading by applying
sub-micro-thick fillers. Data from the NC samples were con-
trasted to a control set of nylon 6-single-layered sub-micro
silica flake composites produced with the same wt.% filler
loadings. During the processing, these filler in the SMC exhib-
ited a strong reduction in aspect ratio and therefore these
samples were expected to behave quite differently from the
NC samples, behaving as a model system where appreciable
polymer chain constraint does not occur.
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In addition to charactering the properties of the NC and
SMC in terms of differences in their hardness, modulus, and
crystallinity, in this study, we have (i) investigated the relative
importance of the initial creep compliance and time-depend-
ent creep contributions to the total time-dependent defor-
mation, (i) used two different analytical methods to confirm
our findings, and (iii) questioned whether nanomechanical
testing can reliably produce indirect but useful information
about the effectiveness of the dispersion. The results provide
an improved understanding on the effects of filler size, aspect
ratio, crystallinity, and content of the NC and SMC on their
hardness, modulus, and creep behavior and their suitability
for different applications.

Experimental

Sample preparation

The nylon 6 used for the NC and SMC composites was a high
molecular weight, high viscosity nylon 6 with commercial
name Grilon F50. The NC were produced by compounding
with 3, 5, 10, and 20 wt.% montmorillonite clay modified with
quaternary ammonium cations (commercially named as 93A)
and the SMC samples were produced by compounding with
3,5,10,and 20 wt.% sub-micron-sized silica flake. Before com-
posite processing, fillers and the polymer were dried under
vacuum at 120 °C for 4-6 h in a vacuum oven. Then, the dried
fillers were pre-blended with the polymer at different filler
contents (0, 3,5, 10, and 20 wt.%). The pre-blended materials
were compounded in melt extrusion using a Prism Eurolab
16-mm twin-screw with 40/1 L/D ratio. Extruded samples
were cooled in a water bath and chopped into pellets using a
pelletizer. The feeding rate, screw speed, and processing tem-
perature applied were 15-20%, 400 rpm, and 235 °C, respec-
tively. The silica flakes were initially 350 nm thick with average
aspect ratio (flake equivalent diameter to thickness ratio) of
1750 although a significant reduction of flake size occurred in
the composites during processing as shown by SEM analysis of
the original silica flakes before composite processing and the
flakes obtained from the composites with 3wt.% and 20wt.%
filler loading, respectively, by burning off the polymer matrix.
During processing, the average aspect ratio of the flakes
decreased from the original 1750 to 28 in the 3 wt.% SMCand
17 in the 20 wt.% SMC. The size breakdown may be caused by
mechanical collision either between flakes or between flakes
and the extrusion equipment during the melt processing but
for our purposes is convenient in providing a range of SMC
samples whose properties can be contrasted to the NC.

Crystallinity measurements

The crystallinity measurements were carried out using DSC
analysis. The procedure involved: (1) heating up from —20 to
270°Cat 50 °C/min, (2) holding at 270 °C for 5 min, (3) cooling
from 270 to —20 °C at 10 °C/min, (4) heating up from —20 to
270°Cat 10°C/min, and (5) cooling from 270 to —20 °C at 50 °C/
min. The first cycle of heat/cooling was aimed to remove the
thermal history of the materials. The curves obtained during
the temperature ramp at 10 °C/min were used to calculate the
crystallinity of the materials using Equation 1:

Eqn. 1

crystallinity = AHm/(l —/)AH
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Figure1 Load vs.time protocol in the nanoindentation tests.
The hold at peak load is for creep assessment and the further
hold after 90% unloading is for creep recovery assessment

where AH and AHf represent the melt enthalpy of samples
and crystallization enthalpy of 100% crystalline polymer,
respectively. fis the filler mass fraction of the composite. AHLf’
of 100% crystalline nylon 6 was taken as 190 J/g.

X-ray diffraction analysis of the clay and NC
samples

The structure of the clay and its composites formed was char-
acterized using X-ray diffractometry. The equipment used was
an X'Pert X-ray diffractometer with Cu Ka with wavelength
1.54 nm as radiation source. Prior the experiment, the pow-
dered clay sample was compressed into dense square-shaped
tablets that could fit into the equipment sample holder. For
composite samples, the materials were injection molded into
square plates with dimensions 15 mm x 15 mm x 1 mm. The
molded plate sample was inserted into the sample holding
position directly without using a sample holder. During the
experiment, the generator voltage and X-ray tube current
applied were 45 kV and 40 mA, respectively. The scanning
range was from 0.991° to 120° with step size 0.00835.

Nanoindentation testing

A NanoTest system produced by Micro Materials Ltd.,
Wrexham, UK was used for the nanoindentation testing. The
system has a very high thermal stability enabling nanoinden-
tation creep measurements to be performed without thermal
drift. The experiments were conducted in an environmental
enclosure controlled at 27.0 + 0.2 °C. The humidity was ~65%
RH. All samples were molded flat surfaces without polish-
ing. The nanoindentation tests were load controlled with a
Berkovich diamond indenter with the loading protocol shown
in Fig. 1. The initial (contact) load was 10 pN. All the samples
were loaded from this initial load to a peak load of 10 mN
at a fixed loading rate of 0.2 mN s~'. The load was held con-
stant at the peak load for 120 s to record the creep response
before unloading at the same rate. There was an additional
120 s hold after 90% unloading which can be used to assess
the instrument drift and the sample creep recovery. For all
the experiments, the rate of creep recovery was found to be
almost two orders of magnitude greater than the underlying
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instrumental signal drift so that the second hold period was
not used for thermal drift correction. A matrix of 20 inden-
tations spaced 100 um apart was performed on each of the
samples. The area function for the diamond indenter was
determined from indentations into fused silica, although it
was found that the indenter essentially indistinguishable from
an ideal Berkovich geometry at the penetration depths (max-
imum depth ~2-3 um) reached at 10 mN on all the samples.

The elastic modulus was determined by power law fitting to
the unloading slope of the indentation curve.? The reduced elas-
ticmodulus, E, was converted to the elastic modulus, E, using the
Poisson ratio for nylon 6, v=0.39.The indentation creep behavior
was analyzed in the instrument software using Equation 2.

Eqn. 2

Ad/d(o) = [A/d(O)] -In(Bt+1)

where A and B are the constants, d(0) is the initial depth in
the hold period, and Ad is the increase in depth during the
hold period. Ad/d(0) is the dimensionless indentation creep
strain. Fitting the experimental data with Equation 2 has the
benefit of (i) not requiring a particular constitutive model
such as linear viscoelasticity to be assumed, therefore, allow-
ing indentation with sharp indenters in the viscoelastic-vis-
coplastic regime'? (ii) being an excellent quantitative fit to
the experimental creep curves enabling subtle differences in
behavior to be uncovered. Equation 2 has proved successful
in interpreting loading rate effects and in determination of the
strain rate sensitivity, a dimensionless creep parameter that
exhibits some correlation with tan delta,?***? and in determi-
nation of glass transition temperatures occurring below 0 °C."*

Results

Crystallinity and XRD

The crystallinity varied with filler loading in the NC and SMC
samples as shown in Fig. 2a. The crystallinity of the SMC
decreased significantly with only 3 wt.% loading of silica flakes
and the further increase in the filler content had little effect.
The crystallinity of the NC, however, increased slightly when
the filler content reaching 3wt.% and then reduced signifi-
cantly at higher loading. At 10 wt.%, the crystallinity of the NC
was ~16%, lower than that of the SMC with the same loading.

Fig. 2b shows the XRD patterns of the organoclay 93A,
nylon GF50, and its composites with 3, 5, 10, and 20 wt %
organoclay 93A produced by melt processing. The organoclay
clay 93A before added into the polymer has clear distinctive
(001) peak at 20 3.81° which is equivalent to 2.316 nm inter-
layer spacing of silicate layers in the clay structure. However,
the peak is not visible in all composite samples even in the
enlarged chart in Fig. 2c.

Nanoindentation

Hardness and elastic modulus

Typical nanoindentation curves for the composites are shown
in Fig. 3. The variation in elastic modulus with filler loading
from analysis of such curves is shown in Fig. 4. It can clear be
seen that while the NC and SMC samples were stiffer than
the base polymer the enhancement in stiffness was greater
for the NC samples.
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The hardness and elastic modulus data are summarized in
Table 1. The hardness of the nylon 6 is also increased by the
incorporation of both fillers. The relative increase in hardness
for the NC over the base polymer is less than the correspond-
ing relative increase in elastic modulus. For example, incorpo-
ration of 20 wt.% clay increases the elastic modulus of nylon 6
by 150%, while the corresponding increase in hardness is only
around 50%. There is greater variation in the H and E data for
the composites with the sub-micron filler, especially at the
higher loading. The highest average hardness was for the SMC
with 20 wt.% clay.

Nanoindentation creep
The strain rate sensitivity are summarized in Table 2. lllustrative
examples of the creep strain during the hold at peak load
are shown in Fig. 5. While the NC show reduced creep strain
compared to the matrix polymer, the SMC samples showed
increased values which did not vary with filler loading.
Equation 2 was found to be an excellent fit to the creep
data of NC, SMC, and the base nylon 6. The creep parameters,
creep strain rate sensitivity A/d(0), creep extent A, and time
constant 1/B, were calculated as shown in Table 2 and Fig.
6a—c.The A/d(0), A and 1/B parameters were not significantly
different from those of the base polymer for the SMC, but in
contrast, there was a clear decrease in all these parameters
for the NC.

Discussion

As shown in Table 2, all the NC and SMC showed higher hard-
ness and elastic modulus than the base polymer. However,
the extent of this improvement was different for the NC and
SMC samples. In this discussion, we aim to deconvolute the
separate influences of accompanying changes in the crystal-
linity of the composites and the type and dispersion of the
fillers on the homogeneity and enhancements in mechanical
properties of the composites. A key question is whether the
enhancements in stiffness are explainable without constraint.
Previously at the bulk scale Vlasveld et al. reported that when
a Halpin-Tsai model originally designed for semi-crystalline
polymers is used that no additional stiffening from constraint
factors was necessary to explain the modulus enhancements
in the clay/nylon 6 nanocomposites, and similarly at the nano-
scale, Seltzer and co-workers reported there was no evidence
for constraint in the surface mechanical behavior.
Decreasing crystallinity has an adverse effect on hardness
and elastic modulus.®® Consistent with this, the mechanical
properties of the lower crystallinity nylon 6 studied here are
lower than those previously reported for nylon 6 with higher
crystallinity.®! For the NG, it has been reported that low load-
ing levels (1-3 wt.%) of nanofillers can act as nucleation sites
for spherulitic crystallization so that the activation energy
of crystallization is lower than the matrix polymer [14]. The
small increase in crystallinity observed for the 3 wt.% NC in
Fig. 2 is consistent with this explanation. At higher loading
levels (10-20 wt.%), the activation energy of crystallization
of the nanocomposites is higher than the neat polymer as
more clay particles tend to obstruct the mobilization of the
polymer molecular chains, retarding crystallization and crystal

Nanocomposites 2015 voL. 1 NO. 4

growth.?? The observed decrease in crystallinity (~30% at 10
wt.%) is that determined by Shen and co-workers by DSC.2

For the SMC, the crystallinity decreased to ~18 % at 3 wt.%
filler and then increased slightly at 5 wt.%. Further increase in
filler content has a little effect on the crystallinity as shown in
Fig. 2. The sharp reduction in crystallinity in the 3 wt.% SMC
appears to be due to similar reasons as NC with higher filler
loading because of reduced mobility of the polymer mole-
cules to crystallize. From this point of view, a further increase
in filler content should further decrease the crystallinity due to
the increased barriers to prevent crystallization. However, the
progressive decrease in the aspect ratio with the increase in
filler content of the SMC makes the shape of the filler more and
more “roundish”as evidenced in SEM and optical microscopic
studies® and progressively less able to influence the chain
mobility of polymer molecules. As a result from these two
opposing effects, further increasing filler loading did not result
in a significant change in the crystallinity of the composites.

Displaying the data as relative modulus enhancement
(modulus of the composites/modulus of the matrix) enables
comparison between studies with different MW (and hence
different stiffness) nylon 6 base materials.* The enhancement
in stiffness, approximately doubling at 10 wt. %, is consistent
with the results reviewed by Cho et al..® and later by Vlasveld
and co-workers,'?% Liu et al.,'® Shen et al.?> and Diez-Pascual
et al.* The efficiency of hardness and modulus enhancement
begins to saturate at high loading levels as has been reported
in previous work due to the decrease in crystallinity and a
reduction in the efficiency of the exfoliation. Application of the
Halpin-Tsai model can provide evidence of the effectiveness
of the reinforcement with different filler loading. Following the
approach taken in reference 12, the relative moduli of the fully
amorphous and crystalline phases were used to estimate the
elastic modulus contribution of the matrix in the nanocompos-
ites. The Halpin-Tsai model was then used with the amorphous
matrix component adjusted for the presence of surfactant to
determine the effective aspect ratios of the fillers taking the
density of clay = 2.8 g cm~ and for silica flakes p = 2.2 g cm,
surfactant density = 0.93 g cm, E (clay) = 172 GPa, and E (sil-
ica flakes) = 70 GPa. The effective aspect ratios ranged from
~210at 3 wt.% to ~110 at 20 wt. %, consistent with the typical
values of ~100-300 for layered silicate nanocomposites. The
decrease in reinforcement effectiveness at higher clay, due to
reduced exfoliation, is in good agreement with the literature.'
In contrast, the values for the SMC are much lower (aspect
ratios 10-60) and show little clear trend with wt.% silica flake,
providing clear evidence for a marked difference in reinforce-
ment efficiency between them and the NC.

The H and E of the composite with 5 wt.% clay were found
to be lower than those of the composites with 3 wt.% clay.Ina
previous study involving nylon 6/organoclay NC?* it was found
that the hardness and modulus of NC with 3 and 5% organo-
clay were almost identical. Shen and co-workers observed
anomalous creep effects at similar loading levels on nylon 6,6
NC™ and PEO NC samples have also shown similar behavior
at 5 wt.%.¢ In all these cases, the reasons are not completely
clear but it is conceivable that the structural change from the
high extent of clay exfoliation state at a low content of 3 wt.%
to an intercalated structure dominated state at 5 wt.% could
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a Variation in crystallinity with wt.% filler loading for NC and SMC b XRD patterns of the original nylon GF50, and

its composites with 3, 5, 10, and 20wt% organoclay 93A, and clay 93A c enlarged view of b

be associated with this phenomenon since it is well known
that highly exfoliated structure with less extent of aggrega-
tion of clay in the composites is more effective in enhancing
mechanical properties due to the increase in the number of

effective reinforcing particles and the elimination of the weak
van der Waals force between the silicate layers within a clay
filler. The lower crystallinity in the 5 wt. % NC sample may also
be a factor. The XRD data in Fig. 2b,c show that the clay (001)
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Figure 4 Variation in elastic modulus with filler loading for
a SMC and b NC

peak is not clearly present in all the NC samples. This may be
a limitation of the XRD technique in the effective characteriza-
tion of layered structured materials when number of layers in
the structure is reduced. It is reasonable to believe that a high
extent of exfoliation and significant chopping down of the
layered structure has occurred in all the composite materials.

Of course, this is not to say perfectly exfoliated nanocompos-
ites have been achieved and it is likely that some intercalated
structures and stacked layers with lower number of silicate
layers are present that could not be detected by the XRD
technique. This result is quite different from those obtained
from nylon materials with medium and low molecular weight.
A significant (001) peak is observed in for composites when
clay loading level exceeds 5 wt % when using the same clay
with medium and low molecular weight nylon 6 in the melt
processing under the same experimental conditions in our
laboratory. However, the nylon 6 used in the current study,
Grilon F50, is a high molecular weight polymer. It is well known
that the efficiency of clay exfoliation and interaction is higher
when increasing molecular weight of nylon.*

The elastic modulus of polymeric materials can be overesti-
mated by nanoindentation due to the continuing pronounced
time-dependent deformation during unloading. This more
commonly occurs when (i) the holding period is too short, (ii)
and/or the loading rate is too high, (i) and/or the indentation
depth is lower than ~ 200 nm."”353¢ To avoid any of these arti-
facts influencing the measurements in this study the load vs.
time protocol has been designed to (i) load sufficiently slowly
(50 s), (ii) hold for a long time at peak load (120 s), and (jii)
indent sufficiently deep (2-3 pm).

Table 1 Hardness and elastic modulus

Sample d .. /nm H/MPa E/GPa

Nylon 6 2779 + 106 83+7 1.01 £ 0.06
SMC-3% 2688 + 401 94 + 27 1.15+0.26
SMC-5% 2723 + 197 86 + 12 1.10+0.13
SMC-10% 2419 + 233 124 + 23 1.38+0.24
SMC-20% 2071 + 333 157 £ 52 2.01 +0.54
NC-3% 2460 + 189 105 £ 19 1.37 £0.17
NC-5% 2505 + 74 98 +6 1.36 + 0.07
NC-10% 2195 + 76 124 £ 10 1.88 +0.09
NC-20% 2052 + 101 133+ 13 2.53+0.13
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Table 2 Creep and strain rate sensitivity
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Sample Strain rate Sensitivity A/d(0) Creep/nm (1/B)Is " A/nm”
Nylon 6 0.043 + 0.001 319+ 17 6.0+0.3 106 +56
SMC-3% 0.042 + 0.005 308 + 54 58+1.1 100 + 19
SMC-5% 0.046 + 0.004 330 + 34 6.2+0.5 110+ 10
SMC-10% 0.045 + 0.005 287 + 51 6.2+0.7 95 + 14
SMC-20% 0.050 + 0.009 268 + 54 6.2+1.0 89 + 17
NC-3% 0.039 + 0.003 272 + 28 50+0.5 85+7
NC-5% 0.037 + 0.001 269 + 15 4.7+03 82+5
NC-10% 0.033 + 0.001 219+ 8 42403 65 + 2
NC-20% 0.030 + 0.002 187 +7 45+0.5 56 + 3
‘Obtained by fitting the experimental creep data to Equation 2.
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Figure 5 Typical creep strain curves for nylon 6 and a SMC and b NC

The significant increases in E in the composites over the
nylon 6 were accompanied by a smaller rise in H. In a pre-
vious study involving nylon 6/organoclay NC** it was found
that although the stiffness of 3 and 5 wt. % organoclay was
over 20% greater than nylon 6 the hardness of the NC did not
change. Consequently, the H/E in the composites is lower than
in the matrix polymer. The change in H/E may have impor-
tant implications for tribological applications where perfor-
mance often is correlated with parameters such as H/E and
H3/E?, with higher H*/E? commonly resulting in a higher load
for non-elastic deformation, and higher wear resistance to
wear as has been achieved by cross-linking ultra-high molec-
ular weight polyethylene (UHMWPE) for replacement of hip
prostheses.” The tribology and wear of polymers and poly-
mer-based composites is complicated by viscoelastic recovery
and brittleness,***° with Brostow and co-workers reporting
a direct correlation between a brittleness index and scratch
recovery.®® Although wear resistance may improve by adding
silicate layers to nylon 6, this has been associated with an
increase in brittle modes of deformation such as the formation
of brittle cracks during scratching.*' A reduction in H/E when
compared to matrix polymers has been reported previously
for nylon 6 with 3-5% organoclay and for PEO with 7-15%

organoclay.? In the current study, the decrease in H/E is more
marked for the NC than the SMC as shown in Fig. 7. As the
hardness is determined from the unloading curve after creep
it is important to consider the influence of the reduced creep
on its determination. Increased hardness in NC in comparison
to nylon 6 is partially due to the reduction in creep. At 3 and 5%
filler, the increased hardness of the NC is consistent with their
greater creep resistance. For the higher loadings, the more
rapid increase in hardness on the SMC samples is more likely to
be connected to the increase in crystallinity with creep acting
to minimize the difference.

Indentation creep analysis

With high-thermal stability instrumentation and suitable
experimental design, the analysis of nanoindentation creep
data can provide detailed information on the ability of the
fillers to constrain the polymer chains in the composites.
Nanoindentation of NC is commonly either load or strain
rate-controlled, with aload ramp terminated at a setindenter
penetration depth. However, it has been shown? that the anal-
ysis of indentation creep is aided by the choice of a constant
loading time rather than the use of (i) a depth-terminated load
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Figure 6 Variation in the a strain rate sensitivity A/d(0), b
creep extent parameter A, and c time constant 7/8

history, (ii) constant loading rate experiments to different peak
loads, or (i) constant strain (proportional loading), as in all of
these cases the changing time taken to reach the peak load
influences the creep behavior, making a robust analytical com-
parison between samples more problematic. By employing
the same 50 s loading ramp for all the samples, the current
study has made it possible to observe small but clear changes
in strain rate sensitivity and time constant.

The creep strain rate sensitivity, A/d(0), and time constant
1/B, are sensitive to viscoelastic behavior.”?° The experimental
creep depth data are closely fitted by the logarithmic Equation
2 enabling subtle changes in behavior to be determined. Tests
atroom and elevated temperatures on a range of amorphous
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Figure 7 Variation in H/E with filler loading for a SMC and
b NC

and semi-crystalline polymers have shown that minimum val-
ues of the time constant 1/B are observed close to the glass
transition region.? More recently' the treatment has been
applied to analyze sub-ambient temperature nanoindentation
creep data of atactic polypropylene and observe a minimum in
time constant 1/B in the vicinity of the glass transition region
more clearly than the maximum in A/d(0) at the same tem-
perature. The SMC showed much improved H and E than the
matrix but without any clear variation in creep parameters
in the composite as compared with the nylon 6 as shown in
Table 2 and Fig. 6, consistent with no synergistic constraint
in the SMCs.

In contrast, the creep parameters for the clay nanocom-
posites decrease compared nylon 6 and continue to fall as filler
loading increases. Previous studies on the creep of layered
silicate/PA6 nanocomposites have shown reduced creep com-
pared to unfilled nylon.>? Interestingly, Seltzer and co-work-
ers® investigated the «creep properties of their
organoclay-enhanced PA6 nanocomposites using both
nanoindentation and cantilever bending. In nanoindentation,
the nanocomposites showed increased creep resistance which
isin agreement with our findings on NC and SMC. To separate
out the relative effects of initial creep compliance and time-de-
pendent creep, the data were normalized by the initial creep
compliance. To enable comparison with their work, the
time-dependent creep compliance, (Japp-Jo)/JO, was also deter-
mined using their proposed method according to Equation

32'Eqn. 3 s
Uow =0/ = (Ya0)) -1

where d is the penetration depth. The time-dependent creep
is shown in Fig. 8 which shows the same trends as the creep
strain curves as shown in Fig. 5. This finding contrasts with the
same analysis of the time-dependent creep during nanoin-
dentation by Seltzer et al.? who found that it was larger for all
their NC sample than for the matrix. This result is similar to that
reported herein for the SMC composites (where no constraint
was expected or found) and implies differences in the surface
structure of the NC produced by Seltzer et al. In contrast to
their behavior in nanoindentation, in bulk measurements by
cantilever bending® they observed reduced time-dependent
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Figure 8 Variation in time-dependent creep with filler loading for 2 SMC and b NC

behavior in the composites and therefore suggested that the
organoclay imparts a constraint effect on the PA 6 molecular
chains, restricting their mobility in the bulk compared to the
surface.

In our analysis of the nanoindentation creep on NC,
reduced initial creep compliance and time-dependent creep
were found to contribute to the improvement in creep resist-
ance. The strain rate sensitivity approach (Equation 2) also
clearly shows this difference in the time-dependent compo-
nent. As a further confirmation, we reanalyzed indentation
creep data in our laboratory on stiffer nylon 6 NC samples
with 3-5% organoclay (hardness and modulus data previously
reported in ref?). The analysis also revealed reduced strain rate
sensitivity (Equation 2) and time-dependent creep (Equation
3) in the nanocomposites in comparison to nylon 6. The analy-
sis of the data shows that some constraint does indeed occur.
Smaller but still significant rises in stiffness can be observed
(e.g. ~40% increase for 10 wt. % SMC and ~100% increase at
20 wt. % SMC) for systems without constraint.

Conclusions

The results show that NC are more effective in enhancing stiff-
ness and creep behavior in nylon 6 than in the SMC composites
despite the larger decrease in crystallinity that occurs for the
former.The analysis of nanoindentation creep data appears to
be a very effective approach for assessing the presence of sur-
face/near-surface constraint of the polymer by clay platelets
or silica flakes. The creep analysis showed that both reduced
initial creep compliance and time-dependent creep contrib-
ute to the improved creep resistance of NC implying that the
clay has a beneficial constraining effect on the polymer chains
in the nanocomposites. This new finding is in contrast to the
creep behavior of nylon 6-silica flake SMC studied here and
to that of nylon 6/organoclay nanocomposites reported in’
where improved indentation creep was found to only be due

to the improved initial creep compliance, and constraint did
not occur.

The methodology applied in this study has provided strong
evidence that constraint does occur in nylon 6-clay nanocom-
posites and could prove a valuable tool in their future opti-
mization. It is also easily applicable to other systems such as
CNT/polymer nanocomposites.
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