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Abstract. A polycarbonate-based nanohybrid has been created containing 1 wt% of Bentone 2010, an organically modified
montmorillonite. A micro-section on the nanohybrid obtained using focused ion beam (FIB) and field emission scanning
electron microscopy (FESEM) was employed to observe the orientation of the nanoclay inside a polycarbonate (PC) matrix
in the cross-section FIB-milled face. A micro-scratch tester was used to measure the scratch resistance in terms of residual
(healing) depth R under progressive load and in sliding wear. Effects of the number of scratches, normal load and scratch
velocity have been evaluated as a function of nanoclay orientation. In sliding wear (multiple scratching along the same
groove), our nanohybrid reaches residual depth values that remain constant after a certain number of scratches, a manifes-
tation of strain hardening. The number of scratches to induce strain hardening decreases as the normal applied load
increases. SEM was used to characterize deformation and wear mechanisms that operate on contacts and the results related
to the wear data.
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1. Introduction depending on the CNTs diameter and also on func-
There exists a belief that addition of nanoparticles tionalization. Thus, creation of polymer-based
to polymers results in improvement of a variety of nanohybrids seems be a two-edged sword.

properties of the matrix polymer. This statement is  Fairly large amount of work has been expended on
not always true. Thus, for epoxy + silica nanohy- organoclay-containing hybrids. Thus, Xu et al. [3]
brids there is an improvement of both mechanical have created such hybrids on the basis of thermo-
and tribological properties [1]. By contrast, for plastic polyurethanes (TPUs) and investigated their
Polyamide 6 reinforced with multiwall carbon nan-  tribological behavior against steel. The presence of
otubes (MWCNTSs) there is an improvement of organoclay has improved resistance to rolling wear
mechanical properties; however, scratch recovery  significantly. Dynamic friction decreased for TPUs
is hampered by the presence of CNTs [2] while the  with low hardness but increased for TPUs with
scratch depths can be either shallower or deeper, high hardness — hence also here we are dealing with
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a two-edged sword. In general, tribology of poly-
mer-based materials (PBMs) is significantly more
difficult than tribology of metals although some
approaches that work have been developed [4-20].
In this situation, we have decided to investigate fur-
ther effects of the presence of organoclay on tribo-
logical behavior an engineering polymer. In an
earlier paper [13] some of us have demonstrated
using transmission electron microscopy [TEM] that
there is a preferential orientation of nanoclay in the
polymer matrix. Apparently the orientation appears
during the injection molding process due to high
shear pressure in the melt.

2. Experimental
2.1. Materials

PC and PC + 1 wt% B2010 were prepared using
Lexan LS2 from General Electric Plastics and Ben-
tone 2010 (B2010), a quaternary ammonium-modi-
fied montmorillonite that was supplied by Elemen-
tis Specialties, and used as received. After mixing
in the corresponding proportion, extrusion and
injection molding were carried out to obtain sam-
ples of PC and PC + 1% B2010 as previously
described [13].

2.2. Thermophysical properties

Differential scanning calorimetry (DSC) was per-
formed using a Mettler Toledo DSC 822. Samples
of 9.78 mg for PC and 14.01 mg for PC + 1%
B2010 were heated above the glass transition tem-
perature 7,, then kept at 300°C for 5 minutes,
cooled, and a second heating run was made
between 0 and 300°C at the heating rate of
20°C/min in nitrogen atmosphere, with the flow
rate of 50 ml/min. Thermogravimetric analysis
(TGA) to determine degradation temperatures 7y
was carried out using a Mettler Toledo TGA SDTA
851 analyzer at the heating rate of 20°C/min from
30 to 950°C in an oxygen flow of 40 ml/min.

2.3. Hardness measurement

Hardness values were determined with a TH210
Shore D hardness tester.

2.4. Focused Ion Beam (FIB) & Field
Emission Scanning Electron Microscopy
(FESEM)

A FEI Nova 200 Dual Beam consisting of FIB and

FESEM was used to obtain cross-sections of the

materials in order to evaluate the dispersion, distri-

bution and orientation of the nanoclay in relation to
the melt flow direction during the process of the
injection molding. The equipment combination was
the same as used in earlier work [14], the source
consisted of gallium ions. We have cut with FIB
precise micro-sections before FESEM. The condi-
tions of the micro-sectioning were 17 nA probe
current and 15.0 kV accelerating voltage. The
micro-sections with dimensions of 6.0x5.0x5.0 um
took 20 minutes at 52° of tilt, followed by 2 cycles
of cleaning for 40 s.

2.5. Scratch testing

Specimens were tested using a CSM Micro-Scratch
Tester (MST) following the procedure previously
described [1, 2, 6, 15-17]. Sliding wear (repetitive
scratching along the same groove) tests were per-
formed as follows: normal load 5.0, 10.0 and
15.0 N; scratch length 5.0 mmy; scratch velocity 2.5,
5.0 and 15.0 mm/min at room temperature. In pro-
gressive scratch testing, progressively increasing
loads from 0.03 to 30.0 N were applied at
5.0 N/min rate along 5.0 mm of length. A conical
diamond indenter was used in all the tests with the
diameter of 200 um and a cone angle of 120°. The
results include the penetration (instantaneous)
depth R, and the residual (healing) depth Rj. Fol-
lowing the scratch test and a waiting period of
2 minutes to allow for viscoelastic recovery, the
indentor makes a scan along the track scratch at
0.03 N contact load to determinate the residual
depth. Repeated experiments have confirmed that
the shallower residual depth in our viscoelastic
materials is reached inside 2 minutes. Therefore, Rj,
values have in each case been determined 5 min-
utes after recording the R, values.

2.6. Scanning electron microscopy (SEM)

SEM images of the scratch track were obtained
using a Hitachi S3500 N scanning electron micro-
scope. The samples were sputter coated with a thin
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layer of gold in order to make them conductive with
the aid of a SC7640 Sputter Coater from Polaron.

3. Hardness and thermophysical properties

Table 1 shows hardness values and thermophysical
properties of the materials. Hardness values are
very similar for both materials. The addition of
1 wt% B2010 increases thermal stability of PC, as
can be seen by the degradation temperatures. Nan-
oclay layers provide a barrier action against heat
diffusion — what improves the thermal stability of
the nanohybrid [21].

The glass transition temperature decrease shows
that nanoclay acts as a plasticizer of PC. Appar-
ently, nanoclay particles increase the mobility of
PC chains. In more detail: when a sequence of
chain segments ‘would like’ to move, the surround-
ing chains form a barrier to the movement because

—50 nm=—

Figure 1. a) Image of Field Emission Scanning Electron
Microscopy of a milled micro-section of PC +
1% B2010 using FIB technique; b) magnifica-
tion of 1a showing longitudinal (L) and trans-
verse (7) sliding directions with respect to
nanoclay orientation; c) energy-dispersive X-ray
spectrum (EDS) of the nanoclay

Table 1. Hardness and thermal properties of the materials

of entanglements — a fact pointed out by Treloar
long ago [22]. However, if the nearest environment
of that sequence consists of clay particles, those
particles can move away since there are no such
constraints.

Figures la and 1b display FESEM images of the
nanohybrid where the nanoclay platelets are largely
aligned parallel (L) to the melt flow direction
[23-25]. The observed orientation could be the
result of the response of the nanoclay layers to high
shear forces applied during the extrusion and injec-
tion of the specimen. In the following sections, the
scratching resistance of the nanohybrid will be dis-
cussed in the longitudinal (L) direction parallel to
the melt flow and in the transverse (7) direction
perpendicular to the melt flow (Figure 1b). An
energy-dispersive X-ray spectrum (EDS) of the
nanoclay (Figure 1c) confirms the presence of the
filler.

4. Scratching and sliding wear results
4.1. Progressive scratch testing

As discussed in an earlier paper [13], we have
undertaken a study of the influence of nanoclay ori-
entation when the sliding direction is either longitu-
dinal (L) or transverse (7) to the orientation of the
nanoclay (see Figure 1b). Figure 2 shows residual
depth values as a function of scratch direction. A
linear response to increased applied load is
observed in all cases. In the longitudinal direction
(Figure 2a), nanoclay reduces R;, with respect to
neat PC, while R, values are similar for both mate-
rials in the transverse direction (Figure 2b). For an
explanation see the discussion of plasticizing
behavior of nanoclay particles above in Section 3.
If we consider the reduction of R, with load for the
nanohybrid with respect to PC in the longitudinal
direction (Figure 2c), we can fit the results to an
exponential decay function (Equation (1)):

Ry reduction [%] = 10.64 + 61.10 -¢(-0-21'Load) (1)

with good accuracy (the parameter R = 0.983).
Thus, the presence of the nanoclay reinforcement is

Hardness Tal*ql
Material Shore D Tg [°C] 1st step 2nd step
Onset Midpoint Onset Midpoint
PC 81.3 145.1 475 504 552 565
PC + 1% B2010 81.8 133.6 494 510 572 608
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Figure 2. Residual depth under progressive load tests for PC and PC + 1% B2010 as a function of scratch direction:
a) longitudinal; b) transverse; ¢) R; reduction with load for the composite with respect to PC in the longitudinal

direction

less effective as the applied load increases. Appar-
ently, the first nanoclay particles put in have a
larger effect on the mobility of macromolecular
chains than the subsequent ones. The absence of
slope changes in the Ry, vs. load graphs in Figure 2a
and 2b suggests that no fracture takes place during
the progressive load tests.

Figure 3 shows the SEM micrographs of the tracks
on neat PC (Figure 3a and 3c) and on the nanohy-
brid (Figure 3b and 3d), both in longitudinal and
transverse directions. In the case of PC in the trans-
verse direction (Figure 3c¢), we observe the pres-
ence of regular cracks inside the scratch groove.
The cracks follow the original surface texture; we
observe the presence of wear debris particles inside
the groove in the longitudinal direction (Figures 3a
and 3b). There is less damage on the surface of the
composite as compared to neat PC. Apparently
nanoclay helps to dissipate the stress during contact
with the indenter.

Results of computer simulation of scratch testing
using the molecular dynamics method [8] have
been reported. However, results so far available
pertain to neat polymers only.

4.2, Sliding wear

We have previously reported [17, 26] that glassy
polystyrene (PS) is an exception among all poly-
mers investigated in sliding wear mode. Namely,
PS does not show a horizontal asymptote in resid-
ual depth values as a function of the number of
scratches. In other words, in the case of PS, there is
no strain hardening in multiple sliding along the
same groove. This finding has led us to the defini-
tion of brittleness [27, 28].

However, as we have shown earlier [15], addition
of 1 wt% of a liquid-crystalline additive induced
the strain hardening effect in PS. This has led us to
the idea to determine the sliding wear resistance of
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2 200 pm

Figure 3. SEM micrographs after progressive load testing: a) PC in the longitudinal direction; b) composite in the longitu-
dinal direction; c¢) PC in the transverse direction and d) composite in the transverse direction

35 PC (another glassy polymer) and effects of the nan-
] ol oclay additive.
%01 ”.m""::..... The tests were performed along the transverse
] S L o AR AR S 2 21
25 | ';fv’f" direction with respect to the melt flow, perpendicu-
] {,’:,"/I",' lar to nanoclay orientation (see again Figure 1b)
204 )/ that gave similar results for PC and the nanohybrid
under the progressive load testing (Figure 2b).
15 Figure 4 shows the residual depth values for PC
] and the nanohybrid after 40 scratches. The higher
scratch resistance of the hybrid is evident from the
| . . . | | | | initial scratches and increases as the number of
0 5 10 15 20 25 30 3 40 scratches increases. After 22 or so scratches we see
Scratch number . .
a difference between PC and the nanohybrid. We
see strain hardening (originally discovered in [16])
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Figure 4. Residual depth under multiscratching for PC and
PC + 1% B2010 in the transverse direction
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Figure 5. SEM micrographs after 40 scratches of: a) PC; b) PC + 1% B2010
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in the hybrid — clearly due to the presence of nan- 70

oclay — but not in neat PC. BFSS o e
Scratch grooves of both materials are seen in SEM %07 ,_gr;{;,’fi;ﬂ"ﬂ_ -

(Figure 5). PC (Figure 5a) shows a flat and smooth = 501 | _;;//fgi-- [
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Figure 6 displays diagrams of the residual depth R), 20 Serateh number

under variable load as a function of the scratch
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longitudinal one (L-10N; Figure 6b). Figure 6. Residual depth under multiscratching as a func-
We note that the nanohybrid shows the strain hard- tion of normal load and direction: a) PC; b)
ening effect (with constant or slightly decreasing Ry nanohybrid

values) after 12 scratches, under 15.0 N in the
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Figure 7. SEM images and magnifications of the nanohybrid scratch grooves in the longitudinal direction: a) and d)
5.0N;b)and e) 10.0 N; ¢) and ) 15.0 N
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transverse direction (T-15N in Figure 6b). This
behavior is similar to that seen after 27 scratches
under the normal load of 5.0 N in the transverse
direction (Figure 4). It can be concluded that the
number of scratches to induce strain hardening
decreases as the applied normal load increases.
SEM images in Figure 7 show the severity of the
nanohybrid surface damage as a function of the
normal load after 15 scratches in the longitudinal
direction. Images at the top (a—c) were taken along
the scratches, images at the top (d—f) across the
scratches. Under 5.0 N (Figures 7a and 7d), a mild
plastic deformation and a smooth surface is
observed. When the normal load applied is
increased to 10.0 N (Figures 7b and 7e) a crazing
mechanism with the presence of cracks at the edges
of the scar and finally, under 15.0 N, severe plastic
deformation and large cracks appear (Figures 7b
and 7c).

4.3. Effects of scratch velocity

Variable scratching velocity tests were carried out
under the normal load of 5.0 N. Figure 8 shows the
change of R, as a function of scratch number
obtained for three velocities on PC (Figure 8a) and
the nanohybrid (Figure 8b) in both longitudinal and
transverse directions. In the case of PC (Figure 8a),
R;, decreases under increasing velocity. A possible
explanation is that, at higher velocity, the indenter
damages a smaller number of specific locations
[26]. Another explanation is that mechanical dam-
age is the main mechanism at low velocities, an
effect weakened by thermally induced deforma-

a)

tions at high velocities [9, 10]. In this context, heat
dissipation at higher velocities necessarily increases
free volume vy. In turn, higher vrenhances the chain
relaxation capability (CRC) and thus viscoelastic
recovery [29-31]. Both explanations might be true
simultaneously.
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Figure 9. SEM images for the nanohybrid at 2.5 mm/min as a function of the scratch direction: a) longitudinal; b) trans-
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The nanohybrid shows an Rj; decrease under
increasing velocity only in the transverse direction.
By contrast, in the longitudinal direction the mini-
mum R, values are found at the lowest scratch
velocity (L-2.5 mm/min; Figure 8b), that is a
27.7% reduction in R;, with respect to the transverse
direction (T-2.5 mm/min; Figure 8b). We infer that
in the longitudinal direction neither the mechanism
of less contacts at higher velocities nor the higher
heat dissipation at higher velocities are operative.
The maximum R, reduction of 28.6% is obtained
for the nanohybrid with respect to PC at the lowest
velocity, L-2.5 mm/minute.

Figure 9 illustrates various wear mechanisms in the
nanohybrid. There is a small quantity of debris par-
ticles formed in the longitudinal direction (Fig-
ure 9a) and crack initiation in the transverse
direction (Figure 9b).

A question was asked: are nanocomposites any
good for anything? In [13] we have found that pin-
on-disk friction of polycarbonate is lowered by
addition of the nanoclay. Similar friction lowering
was achieved by addition of silica nanoparticles to
a commercial epoxy [1]. Carbon nanotubes lower
the residual depth of Polyamide 6 in sliding wear
determination [32]. Windle and his colleagues
report ‘a variety of effects’ in poly(ether ether
ketone) (PEEK) + carbon nanofibers systems, but
in particular a reduction of wear rate of PEEK [33].
These results are significant since nanocomposites
are mostly made to improve mechanical properties
rather than tribological ones. We have already
noted in the Introduction that going from a neat
polymer to a nanohybrid seems a two-edged sword.
Thus, nanofillers in polymers can be useful but
there are not panacea.
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