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ABSTRACT: Supercritical carbon dioxide (scCO,) has been used as the processing medium to facilitate
effective impregnation and subsequent polymerization of methyl methacrylate monomer in ultrahigh
molecular weight polyethylene (UHMWPE), providing a route to new nanocomposite materials. In this
paper, the morphological structures of UHMWPE, scCO,-treated UHMWPE, and a blend of (53/47 wiw)
UHMWPE/poly(methyl methacrylate) (PMMA) prepared in scCO, are investigated using tapping mode
atomic force microscopy (TMAFM). Under moderate tapping conditions, phase imaging offers a good
contrast of the nanostructures of the semicrystalline polymers due to a large difference in stiffness between
the crystalline and amorphous phases. This is demonstrated by a TMAFM force mode characterization
method through amplitude—phase—distance (APD) measurements on the nanoscale crystalline and
amorphous domains. The use of this method has also identified that the UHMWPE/PMMA blend consists
of three phases: UHMWPE crystalline, UHMWPE amorphous, and PMMA amorphous. These three phases
display three different characteristic tip—sample interaction profiles. The phase-segregated PMMA
domains are estimated to be between 10 and 100 nm in size. In addition, it is found that the blending
method via in-situ polymerization has significantly increased the crystallinity of the UHMWPE. The
increase in crystallinity, together with the appearance of a second low melting temperature endothermic
peak in differential scanning calorimetry (DSC) analysis of the UHMWPE/PMMA blend, is consistent
with the increased population of small crystallites observed in the AFM phase images. We attribute this
effect to the enhanced mobility of UHMWPE molecules caused by scCO, impregnation and addition of
the PMMA component. Through statistical analysis of the phase distribution in the APD data our results
also demonstrate that the crystallinity of polymers can be quantified by using phase imaging analysis at
48.3% for UHMWPE, 52.2% for treated scCO,, and 32.8% for UHMWPE/PMMA (i.e., 61.9% of the
UHMWPE component). These data are within 5% agreement with standard DSC bulk analysis of

crystallinity.

I. Introduction

This paper describes the use of supercritical carbon
dioxide (scCOy) in the production of a blend of ultrahigh
molecular weight polyethylene (UHMWPE) and poly-
(methyl methacrylate) (PMMA) at a temperature sig-
nificantly below the usual processing temperature of
UHMWPE. We describe a modification of the super-
critical methodology first employed by Watkins and
McCarthy,! combined with tapping mode atomic force
microscopy (TMAFM) analysis to produce and charac-
terize the first controlled blend of a methacrylate
polymer with UHMWPE. The composite was found to
exhibit phase-separated domains of PMMA with esti-
mated sizes of 10—100 nm—much smaller than those
observed for blends of UHMWPE reported elsewhere in
the literature.23 In addition, the two-step procedure
described by Watkins and McCarthy! was modified so
that only one step was required, with autoclave design
and reaction conditions carefully controlled to provide
“clean” blends requiring no further processing.

UHMWPE was chosen for this study because it
exhibits a number of desirable mechanical and chemical
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characteristics, including high tensile and impact
strength, good chemical resistance, and excellent wear
properties.* However, its modification by incorporation
of a second polymer has been limited by difficulties
associated with its processing—its high molecular weight
and resulting high viscosity mean that melt processing
the polymer is not practical, and lack of solubility in
common organic solvents means even solution casting
is difficult. Despite these difficulties, a limited number
of blends of other polymers with UHMWPE have been
reported in the literature.23 However, all of these blends
display phase separation on the micron scale. Moreover,
preparation requires high temperatures (up to 250 °C8)
and the use of either organic solvents at high temper-
ature or extreme shear forces during melt processing
to achieve acceptable mixing of the phases. In this paper
we show that scCO, provides an excellent medium for
processing this polymer at temperatures significantly
below those of conventional melt processing methods.

Supercritical CO; has recently attracted great interest
as a medium for polymer processing and synthesis-5-11
due to its unique combination of gaslike and liquidlike
properties. Like gases, it has high diffusivity and low
viscosity, like liquids it can dissolve a range of com-
pounds and small molecules. Supercritical carbon di-
oxide is a good swelling agent>” and generally a poor
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solvent for most polymers.6 These properties make it
an ideal medium for yielding polymer composites. This
may be achieved by supercritical impregnation of a
monomer into a host polymer followed by in-situ po-
lymerization within the polymer matrix.1%10 Fast re-
moval of the solvent from the final product upon
depressurization is equivalent to quenching, making it
possible to produce a blend of a thermodynamically
immiscible polymer pair with a fine morphology. Unlike
conventional processing methods, the use of CO, leaves
no toxic solvent residues,>® making it particularly
suitable for preparation of polymeric materials for
biomedical applications.

Several groups have studied the interaction of high
pressure and supercritical CO, with polymers. Shieh et
al.'! observed that CO; often results in an increase in
the crystallinity and a decrease in the glass transition
temperature (Tg) of polymers exposed to it, which
translates into the change in the yield strength and
elastic modulus. McCarthy and colleagues®®10 have
carried out extensive studies in a range of polymer
systems. Recently, they detailed a morphological and
mechanical investigation of polystyrene (PS)/high-
density polyethylene (HDPE) composites.’® They ob-
served that PS resided throughout the interlamellar
regions of the HDPE spherulites and preferentially
aggregated in the spherulite center. However, the
crystalline region was not affected. The mechanical
strength and modulus of the resulting composites were
dramatically improved at the expense of their tough-
ness.

Understanding the morphological structures of poly-
mers and polymer blends is crucial in the development
of a new generation of polymer composites since such
structures influence the properties of the resulting
materials. Atomic force microscopy (AFM) can be em-
ployed to provide direct spatial mapping of a material’s
surface morphology at the nanometer scale. In particu-
lar, TMAFM is ideal for this approach and is capable of
imaging soft samples like biological and polymeric
materials with minimal distortion.’>~18 TMAFM in-
volves a brief and intermittent tip—sample contact in
each cantilever oscillation cycle during scanning. The
phase lag of the cantilever oscillation compared to the
driving signal has been shown to be sensitive to the local
materials properties such as stiffness,'212 viscoelastic-
ity,1415 and chemical heterogeneity.'>17 However, there
are a number of other factors'>1920 that could affect the
phase image. Because of these complex variables, care
must be taken in the collection of these images. It is
generally believed that the TMAFM phase image con-
trast is associated with the energy dissipated by the
tip—sample interactions;?! however, the relationship
between the energy dissipation and materials properties
is difficult to quantify.

TMAFM can also operate in a localized nonimaging
force mode!®> or dynamic force spectroscopy mode,??
whereby the tip—sample interactions as a function of
the relative tip—sample distance are measured. Briefly,
during an experiment, the probe is vertically moved over
a selected point of a sample surface, instead of laterally
scanning an area. The quantities it records are normally
the amplitude and phase against scanner motion. This
type of measurement can be used to study the molecular
attraction and repulsion between the sample and tip
and has been shown to be very useful in explaining
height artifacts and reversal of phase contrast!?1° and
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in identifying different components in heterogeneous
samples.}718.23

In this paper we characterize the morphological
structures of a biomedical-grade UHMWPE consolidate
and its blend with PMMA by using TMAFM. The blend
was prepared by scCO,-assisted impregnation of methyl
methacrylate (MMA) monomer into UHMWPE followed
by in-situ polymerization. To help interpret the results
from TMAFM analysis, differential scanning calorime-
try (DSC) analysis was also carried out on the samples.

I1. Experimental Section

Materials. The UHMWPE used in this study was GUR
1050 in round bar stocks with a diameter of 25 mm machined
down to give disks 15 mm in diameter and 2 mm thick. The
bars were ram extruded by Perplas Medical Ltd. (Bacup, UK).
These samples had been air-annealed by the supplier (specific
conditions unknown). The density of the sample material was
930 g cm~2 with My, ~ 7 x 108 g mol~%. The samples were
medical grade fabricated with no additional stabilizers or
processing aids. MMA [ICI; inhibited with 2 ppm Topanol (a
mixture of hindered amines)] and the initiator, tert-butyl
peroxybenzoate (Aldrich), were used as received. CO, (BOC
gases, SFC grade) was used as the solvent for the reaction.
N, (BOC gases, oxygen free) was used for leak testing and to
purge oxygen from the system prior to reaction.

Synthesis Procedure. Polymerization was performed in
60 mL stainless steel autoclave (NWA GmbH), which was
modified extensively at the University of Nottingham. In a
typical experiment the autoclave was charged with MMA (5
g) and tert-butyl peroxybenzoate (0.05 g, 1 wt % with respect
to monomer); two disks of UHMWPE (~0.34 g each) were
suspended within in it and sealed. The apparatus was then
pressurized with N, to 3000 psi—this was both to leak test
the apparatus and to degas the reactants. Following careful
release of the N, the reactor was filled with liquid CO, and
heated to the desired temperature using a thermocouple-
controlled aluminum heating block. The desired working
pressure was obtained by adding more CO; into the system
as required.

Reactions were performed at 120 °C and 3000 psi, with the
reactor typically taking a period of 45 min to achieve the
desired temperature. The samples used in this study were
processed for 16 h to ensure that the polymerization reaction
was complete; however, significant loadings of PMMA were
obtained after as little as 2 h processing time. The reaction
was stirred throughout by a magnetically coupled stirrer
operating at 50 rpm. This was found to be necessary; other-
wise, a large amount of polymer was deposited on the outside
of the disks, which then required a subsequent washing step
to remove. The composition of the blend was determined
gravimetrically after removing the blend from the reactor and
ensuring that any loose PMMA was removed from the surface
of the UHMWPE disk by wiping with a dry cloth. A degree of
swelling of the UHMWPE disk was observed, but no foaming
or distortion. The procedure for running the control sample
was identical, except neither monomer nor initiator was added
to the autoclave prior to pressurization. After the completion
of the synthesis or scCO, treatment of the UHMWPE sample,
the autoclave was allowed to cool to room temperature over a
period of 60 min. The CO, was then vented over a period of 30
s. Pure PMMA simultaneously synthesized in the fluid phase
was obtained from the bottom of the autoclave. The pure
PMMA was used as a signature control for AFM to “finger-
print” its existence in the blend.

AFM Characterization. Figure 1 shows schematically the
method used to obtain specimens for AFM examination. Thin
sections of about 1 mm thickness were cut from the sample
disk with a razor. The surface of each sectioned specimen that
was parallel to the x—z plane (see Figure 1) was cryomicro-
tomed (RMC MT-7 cryoultramicrotome) along the extrusion
direction at —130 °C using a glass knife. The flat and smooth
surfaces were generated with an initial rough trimming



Macromolecules, Vol. 35, No. 23, 2002

2 mm

=

x Radial direction
y Tangential direction
z Extrusion direction

Cut section

Figure 1. Schematic of a sample disk and sampling location,
showing that the surfaces of the samples microtomed and
subsequently examined are parallel with the UHMWPE axial
or extrusion direction.

followed by cutting off thin sections down to 50 nm. To
generate a flat surface of pure PMMA, a small amount of
PMMA was sandwiched between two cleaned glass slides,
softened at ~130 °C for about 3 min on a hot plate, and allowed
to cool while a slight load was applied on the top glass. PMMA
thin film (ca. 0.5 mm thick) with smooth surface was then
obtained by removing the glass slides.

TMAFM experiments were performed using Nanoscope llla
controlled Dimension 3000 AFM (Digital Instrument, Santa
Barbara, CA). Commercial silicon cantilever probes, with a
nominal tip radius of less than 10 nm (Nanoscope Olympus,
160 um cantilever length and spring constant ranging 12—
103 N m™?), were employed just under their fundamental
resonance frequencies of about 300 kHz. Height and phase
images were acquired simultaneously under ambient condi-
tions. To remove possible contamination on the AFM tips and
improve the reproducibility of the results, the probes were
treated in an argon plasma gas (RF Plasma Barrel Etcher)
prior to each experiment. Scan rates were set at 2 Hz on all
images. The free cantilever vibration amplitude (Ao) was fixed
at 31 nm. Imaging data from TMAFM very much depends on
the level of tapping force that is applied onto a sample surface
by the probe apex. The tapping strength under a certain Aq
can be expressed as a ratio (rsp) of the set point amplitude (Asp)
to Ao, with higher rg, indicating lighter tapping and lower rsp
heavier tapping. Light tapping is normally used to acquire
height images to reduce the possibility of height artifacts.'>1°
In this study a moderate tapping strength of 0.79 was chosen
to obtain phase images.

After the phase images were obtained, amplitude—phase—
distance (APD) curves were measured on different character-
istic positions of all the samples. The detector sensitivity was
calibrated using the contact part of the amplitude—distance
curves measured on a mica surface. Apart from sample surface
properties, the APD data can be also strongly affected by tip
characteristics such as tip-end geometry, tip chemistry, and
spring constant,?® which are difficult to quantify. To make the
data comparable, all the images and APD curves presented
in this paper were acquired using the same tip. The raw phase
data recorded in Nanoscope Illa were decoded and transformed
to a value of degrees according to ¢4 = cos™(¢./32768)180/x,
where ¢q is the phase angle in degrees and ¢ is the phase
angle recorded as a 16-bit signed integer. All the phase images
remain unprocessed whereas the height images were processed
to improve their clarity.

DSC Characterization. A Perkin-Elmer DSC7 calorimeter
was employed to determine the melting temperatures, the heat
of fusion, and the glass transition temperature of the samples.
The DSC heating scans were carried out at a heating rate of
10 °C min~! under a nitrogen gas flow on samples weighing
approximately 5 mg. The DSC was calibrated using indium
prior to the experiment. The crystallinity, X, of the samples
were calculated using the following formula:

x = A
C_AHlOO

x 100 (1)

PMMA/UHMWPE Blend 8871

300 nm

Figure 2. 1 um x 1 um TMAFM height (a) and phase (b)
images of as-received UHMWPE. The images were taken on
a cryomicrotomed surface with a free amplitude Ao = 31 nm
and set point rs, = 0.79. The full gray scales cover 80 nm (a)
and 90° (b) (in DI convention). The bright regions are identified
as crystalline phase and the dark regions as amorphous phase.

Figure 3. 1 um x 1 um TMAFM height (a) and phase (b)
images of scCO,-treated UHMWPE. The images were taken
on a cryomicrotomed surface with a free amplitude Aq = 31
nm and set point rs; = 0.79. The full gray scales cover 80 nm
(a) and 90° (b) (in DI convention).

300 nm

e o o T

Figure 4. 1 um x 1 um TMAFM height (a) and phase (b)
images of (53/47 wiw) UHMWPE/PMMA blend. The images
were taken on a cryomicrotomed surface with a free amplitude
Ao = 31 nm and set point ratio rs, = 0.79. The full gray scales
cover 80 nm (a) and 90° (b) (in DI convention).

where AHgs is the heat of fusion of the semicrystalline sample
and AHq is the heat of fusion for 100% crystalline polyeth-
ylene, taken as 293 J g 1.24

I11. Results and Discussion

Figures 2—4 presents the height and phase images
of as-received UHMWPE, scCO,-treated UHMWPE, and
53/47 (wiw) UHMWPE/PMMA blend, respectively. These
1 x 1 um images were acquired from the microtomed
surfaces of these polymer samples under identical
conditions using the same tip (see Experimental Sec-
tion). It is noted from the height images in Figures 2a
and 3a that the microtomed surface of the as-received
UHMWRPE is rougher than that of the scCO,-treated
sample. This may indicate that the scCO, impregnation
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Figure 5. APD curves of as-received UHMWPE to identify
crystalline phase (a) and amorphous phase (b). The significant
difference in tip—sample interactions between these two
phases is clearly shown. The solid lines are approach data,
and the dashed lines are retract data.

assists in producing a more homogeneous internal
structure of the polymer. Figure 4a shows a granular-
shaped feature of the UHMWPE/PMMA blend, which
is different from those of the other two samples. This
change in the topography is probably due to the incor-
poration and precipitation of PMMA into UHMWPE,
which results in the change in the UHMWPE internal
structure. Apart from this, little information about the
morphologies of the samples examined can be deduced
from these height images. The corresponding phase
images in Figures 2—4 show a strong contrast of bright
and dark regions in all three samples. This is consistent
with the fact that UHMWPE and the blend are semi-
crystalline polymers consisting of crystalline and amor-
phous phases with different moduli. However, it is not
possible without detailed analysis to positively assign
these two regions to specific phases or domains. This is
because the assignment of bright and dark contrast to
different phases is not always straightforward. Some
studies?® have revealed that the bright regions may be
attributed to the stiffer material and the dark region
to the softer, while a reversal has been reported from
others.1226 |n view of this, amplitude—phase—distance
data were measured on locations within these two
distinct regions since this measurement can provide
additional information on localized properties of a
sample.

Figure 5 shows typical APD curves for the “bright”
(@ and “dark” (b) regions of the pure as-received
UHMWRPE. These two curves display significant differ-
ences in tip—sample interactions between these two
regions. In the beginning of the APD curve measure-
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Figure 6. APD curves of the approach data from the two
domains of as-received UHMWPE in Figure 2b. These curves
demonstrate that the strong phase contrast achieved in Figure
2b is produced by the dramatic difference of the tip—sample
interactions between the two domains at the set point ampli-
tude Asp = 24.5 nm.

ments, the amplitude and phase data have values of 31
nm and 90°, respectively, when the tip has no interac-
tions with the sample surface. These values remained
constant until the tip made light contact with the
sample, where attractive forces between the tip and
sample exceed repulsive forces. As a consequence, the
amplitude decreases, accompanied by an increase in
phase lag to greater than 90°. This trend continued as
the tip approached the sample further, until a certain
point where a small increase in amplitude was observed
before it continued to decrease linearly. Accordingly, a
sudden change from greater than to less than 90° was
observed in the phase shift, followed by a continuous
decrease indicating that repulsive forces begin to domi-
nate the tip—sample interactions at this transition
point.r® This process is evident for the bright region in
Figure 5a. In the case of the dark region (Figure 5b),
no such transition point was observed for the whole
range of the probe vertical movement. Both amplitude
and phase monotonically decreased when the tip gradu-
ally approached the sample, indicating that the attrac-
tive forces dominated the tip—sample interactions
throughout. Note that the measuring ranges on both
surface regions were the same; i.e., the vertical probe
movement was stopped when the amplitude was re-
duced from its free level 31 nm to 13 nm.

We propose that this difference in the APD curve
profile results from the variation in the mechanical
properties of the different regions of the sample because
these two regions are chemically identical. Therefore,
it is not unreasonable to assign the bright region (Figure
2b) to the crystalline phase as it possesses a relatively
high modulus and hence will exhibit a strong repulsive
force on deformation to the tip and the dark region to
the amorphous phase since it is in a rubbery state and
such repulsive forces will be absent. Figure 6 shows that
the difference between the crystalline phase (ca. 72°)
and the amorphous phase (ca. 112°) is about 40° at the
set point amplitude 24.5 nm. This explains the phase
contrast of UHMWPE observed in Figure 2b in a
numerical value. A similar conclusion can be made for
the scCO,-treated UHMWPE (Figure 3b).

After the successful identification of the two mechani-
cally heterogeneous domains of UHMWPE, APD mea-
surements were also carried out on the bright and dark
regions of the UHMWPE/PMMA phase image (Figure
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Figure 7. Three characteristic APD curves obtained from (53/
47 wiw) UHMWPE/PMMA blend. Curves a, b, and c are
identified to be the UHMWPE crystalline, UHMWPE amor-
phous, and amorphous PMMA phases, respectively. Note that
Figure 7a,b matches Figure 5a,b, whereas Figure 7c matches
Figure 8c. The solid lines are approach data, and the dashed
lines are retract data.

4b). The results are presented in Figure 7. It was found
that there are three types of curves with different
profiles obtained from the blend. Note that the occur-
rence of these curves has been repeatedly tested on
many different areas of the sample with different tips.
Slight variations in the shapes of these curves acquired
under the similar free amplitude level were observed,
but the characteristics of the three different curves did
not change. One of the underlying reasons for using the
identical tip in the current study is to make the data
presented here easily understood.

We propose that these three curves originate from
three different domains in the blend. To confirm this
assumption, comparisons are made between pure com-
ponents and UHMWPE/PMMA. It is shown that the
profiles of the APD curves (Figure 7a) measured in the
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Figure 8. 1 um x 1 um TMAFM height image (a), phase
image (b), and APD curves (c) of pure PMMA. The PMMA was
simultaneously produced in the autoclave during in-situ
synthesis of PMMA in UHMWPE. The full gray scales cover
10 nm (a) and 6° (b). (c) indicates no phase contrast for the
homogeneous PMMA. The solid lines are approach data, and
the dashed lines are retract data.

bright area of the blend phase image (Figure 4b) match
well to those (Figure 5a) from the bright region of the
pure UHMWPE, thus indicative of the crystalline phase
of UHMWPE. It is possible to assign the other two
curves (Figure 7b,c) that are observed in the dark region
of the phase image using the same method. Thus, it is
reasonable to propose that data such as in Figure 7b
arise from UHMWPE amorphous domains since Figure
7b is clearly comparable to Figure 5b. Hence, it is
conjectured that the trace in Figure 7c can be attributed
to the PMMA component in the blend. To test this, the
phase image and the APD curves of a pure PMMA film
were acquired as shown in Figure 8. The phase image
(Figure 8b) displays no contrast, as the PMMA is a
homogeneous polymer. It is found by comparison that
the APD curves as shown in Figures 8c and 7c are very
similar to each other. Therefore, we propose that the
blend consists of three phases: UHMWPE crystalline
in the bright areas of the phase image and the UHM-
WPE amorphous and PMMA amorphous that appear
in the dark areas of the phase images. This means that
PMMA does not mix with UHMWPE at the molecular
level. This can be understood that in the in-situ polym-
erization process amorphous PMMA precipitates in both
the scCO; and the scCO,-swollen UHMWPE. This is
because the UHMWPE/PMMA polymer pair is thermo-
dynamically immiscible,?” and PMMA is insoluble in
scCO,. The precipitation process!® is continuous with a
constant diffusion, partitioning, and polymerization of
MMA monomer within the UHMWRPE substrate. There-
fore, it is highly likely that the PMMA formed is phase-
separated from the UHMWPE amorphous phase.
Figure 9 illustrates the reason why the two amor-
phous phases cannot be differentiated in Figure 4b by
phase imaging. Briefly, at the set point rs, = 0.79, the
angles of the phase shift for both PMMA and UHMWPE
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Figure 9. Comparison of the phase shifts between the three
domains of the (53/47 w/iw) UHMWPE/PMMA blend at the set
point amplitude Asp = 24.5 nm. The angles of the phase shift
for the crystalline, UHMWPE amorphous, and PMMA amor-
phous phases are 70°, 113°, and 111°, respectively. This
explains the reason why these two amorphous phases in the
blend could not be distinguished in Figure 4b.

amorphous domains are almost identical at about 111°—
113°. It is well-known that APD curves reveal the tip—
sample interactions as a function of a tip—sample
distance via measurement of amplitude and phase
changes against change of tip—sample distance. By
contrast the phase image displays the difference be-
tween the phase shifts of a sample’s different compo-
nents at one particular tip—sample distance (or ampli-
tude set point). Our current results point out the
importance of examining the former when acquiring and
analyzing the latter. This is particularly true if a sample
investigated involves a multiphase structure like the
UHMWPE/PMMA blend examined here, where incor-
rect conclusions may otherwise be drawn. For example,
considering the phase image alone, the PMMA phase
is apparently miscible with the amorphous UHMWPE
phase. However, the APD measurements clearly indi-
cate that it is indeed phase-separated. This conclusion
is supported by the similarity between one of the APD
profiles of UHMWPE/PMMA amorphous phase and the
“signature” of the pure PMMA. The inability to dis-
criminate the amorphous PMMA and amorphous UH-
MWPE domains by phase imaging is because the phase
lags of amorphous UHMWPE and PMMA are too close
to be resolved under a “constant amplitude” feedback
control (see Figure 9). This is further demonstrated in
Figure 11c where the phase shift angles of these two
domains are completely overlapped into one Gaussian
distribution.

Although the PMMA and amorphous UHMWPE are
phase-separated, the extent of this separation is limited.
This is indicated by the phase image in Figure 4b, in
which the maximum domain size of the amorphous
phases is approximately 100 nm, as estimated from the
distance between the crystallites. It is clear that the
formation of large-sized PMMA domains is restricted
by the rigid UHMWPE crystallites.’® This value can
hence be regarded as the upper limit of PMMA domain
dimensions. The minimum PMMA domain size is the
contact area between the AFM tip and polymer surface;
otherwise, the difference in the APD curves of Figure
7b,c would not have been detected. A reasonable esti-
mate of this contact dimension would be 10 nm. Hence,
PMMA domain dimensions are between 10 and 100 nm.

It is shown in Figures 2b and 4b that the incorpora-
tion of the PMMA component affects the morphology of
the UHMWPE crystallites. The lamellar stacks (bright

Macromolecules, Vol. 35, No. 23, 2002

20 -
(a) Pure PMMA 1385 °C
—a— As-received UHMWPE .
—+— ScCO, treated UHMWPE 137.3°C
15} —o— (53/47) UHMWPE/PMMA o
19
0
ie
to
10 - i
bl

no

®
+ Mr

Heat Flow (mW)

r

A i 1 " 1 n " J
20 40 60 80 100 120 140 160

Temperature (°C)
3.0
(b) Pure PMMA
—o— (53/47) UHMWPE/PMMA
25
2.0
g
E
32 15
o
e
3 1.0
o
05F ™
PMMATg=85 °C
0.0 1 1 1 1 1 1 1 1 1 J
40 50 60 70 80 90 100 110 120 130 140
Temperature (°C)

Figure 10. (a) DSC traces for all samples examined at a
heating rate of 10 °C min~!, showing an obvious low Ty
crystalline melting peak at 130.2 °C for (53/47) UHMWPE/
PMMA blend and a hidden no-obvious T, peak at a similar
temperature for scCO,-treated UHMWPE. (b) Enlarged view
of DSC traces for the blend and pure PMMA, showing that
the T4 of the PMMA component in UHMWPE/PMMA blend is
obscured by the endothermic process of the UHMWPE crystal-
line component.

region) are clearly seen in Figure 2b for the as-received
UHMWRPE. It is likely that most of these lamellae were
viewed edge-on with the lamellar thickness of about 10—
40 nm, which is within the range of the reported
values.?®2% This dimension range can be considered as
“apparent” since the exact inclination of the crystals to
the microtomed sample surface plane is unknown.
Whereas the continuity of the UHMWPE lamellae was
disrupted to a lesser degree after scCO, treatment
(Figure 3b), Figure 4b shows that this continuity was
nearly completely broken up into separate crystallites
after addition of PMMA into UHMWPE. This may be
caused by the partial melting of the UHMWPE crys-
tallites at the synthesis temperature of 120 °C, which
is near the melting temperature of these crystallites as
illustrated in Figure 10. The MMA monomers together
with scCO, then diffuse into the molten regions, where
the MMA subsequently polymerizes. Therefore, the
crystallites are separated by the final PMMA precipita-
tion.

It is also observed in comparison to Figure 2b that
the population of small crystallites increases consider-
ably. In the literature,3%3! these small crystallites are
regarded as less perfect crystals and exhibit a low
melting temperature because of the short fold length,
which means there is a relatively large surface area
compared with the volume of the crystals. In addition,
it was found that the DSC trace of the blend exhibits a
second low T, endothermic peak at 130.2 °C beside the
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Figure 11. Histograms of the frequency of the pixels as a
function of phase shift for sample (a) as-received UHMWPE,
(b) scCOz-treated UHMWPE, and (c) (53/47 wiw) UHMWPE/
PMMA blend. The data in (a), (b), and (c) are decoded from
the phase images of Figures 2, 3, and 4, respectively. The solid
lines are Gaussian fitted.

previously observed main crystalline melting peak for
UHMWPE at 137.7 °C (Figure 10). This leads us to
believe that the increased population of those small
crystallites observed in the phase image contributes to
the new endothermic peak at 130.2 °C.

The crystallinity was also significantly affected by the
in-situ polymerization as shown by the increase from
50.4% for the virgin UHMWPE to 59.2% for the blend
(after normalization to the 53 wt % UHMWPE content
of the blend, see Table 1).32 We propose that a large
amount of PMMA with relatively small molecular
weights, combined with the significant scCO; swelling
effect, enables UHMWPE amorphous chain molecules
to become partially disentangled, thereby increasing
their mobility at 120 °C. These disentangled molecules
are then able to undergo crystallization, because poly-
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Table 1. DSC Analysis Results for the Samples Tested at
a Heating Rate of 10 °C min~1

AH; Tm X normalized
samples @ghH (O @ X (%)°
UHMWPE 147.7 1385 50.4 50.4
ScCO,-treated UHMWPE 1545 137.3 52.7 52.7
UHMWPE/PMMA blend 137.7
(53/47 wiw)
91.9 314 59.2
130.2

a Crystallinity in weight percentage based on the heat of fusion
for 100% crystalline polyethylene AH¢ = 293 J g=1.24 P Crystal-
linity calculated after normalization to the UHMWPE content of
the blend in weight.

mers that are normally not in a thermodynamic equi-
librium state tend to release their excess free energy
by rearranging themselves in a regular manner when
sufficient chain mobility is obtained under certain
conditions.3® However, it is not possible for randomly
oriented, entangled, and crystallizable polymer chains
to crystallize under normal (ambient) conditions because
of lack of mobility, and hence they normally remain in
the amorphous state.?8

The change of the crystallinity for the scCO,-treated
UHMWPE is not so dramatic, suggesting that the scCO;
swelling alone did not substantially affect the conforma-
tions of the UHMWPE molecules. Thus, the PMMA is
the main contributor to the enhancement of the UHM-
WPE chain mobility. However, a slight increase in the
crystallinity (Table 1) was indeed observed for scCO»-
treated UHMWPE and can also be related to the
appearance of a hidden low T, endothermic peak in its
DSC trace (Figure 10a). This relationship is in turn
reflected by the slight increase in the number of small
crystallites if one compares Figure 2b with Figure 3b.
Note that the scCO,-treated UHMWPE and the blend
had the same processing thermal history. It is therefore
concluded that not only the low T, but also the
increased crystallinity is associated with the addition-
ally small crystallites observed in the phase images
(Figures 3b and 4b).

The DSC traces of the pure PMMA and the blend in
Figure 10b show that the glass transition temperature
(Ty) of the PMMA in the blend was not obvious, as
opposed to a clear step change at 85 °C for pure PMMA.
This is because a small change in heat capacity at the
PMMA T4 was obscured by the large endothermic
process of the UHMWPE crystallites below the blend
Tm.

Unlike the regular lamellar stacking with uniform
chain fold length of 12 nm for solution-crystallized
UHMWRPE,3* the thickness of lamellae in the current
study is variable. This is not surprising because the
chain fold length depends on the thermal history and
specific grades of polymer and can be complex for melt-
crystallized polymers.3132 In theory, the crystalline
lamellar thickness, L., can be calculated from the
melting point of the polymer, Ty, via the Thomson—
Gibbs equation:3®

T =T,1 20 2
m~— 'm0 LCAh ()

where T (418.7 K) is the melting point for a hypo-
thetical crystal of infinite size for which surface energy
effects may be ignored.3* The surface energy of the
crystal end faces where the chains fold, g, was taken
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to be 9.3 x 1076 J cm~2. Ah is the heat of fusion of the
crystal, which was measured to be 293 J gt ~ J cm~3
(the density of the crystalline is around 0.997—1.005 g
cm—3).2430 Using the DSC data (Table 1), the lamellar
thickness is calculated to be 369 A at T,, = 138.5 °C.
The upper value of the lamellar thickness in Figure 2b
is in good agreement with this theoretically calculated
value. The thickness of the small, imperfect, and low
Tm UHMWPE crystallites observed in Figure 4b is
calculated to be 171 A according to eq 2.

We have also examined the crystalline structure of
the UHMWPE at larger scales up to 50 um (results not
shown). It was noted that the polymer does not have a
spherulitic morphology that normally occurs in HDPE
and other semicrystalline polymers.10-3031 This is con-
sistent with recent morphological studies on consoli-
dated UHMWPE resins®6:37 using scanning electron
microscopy and transmission electron microscopy. The
probable cause for this is that the high molecular weight
and high melt viscosity of UHMWPE inhibit the orga-
nization of the crystallites.3¢

The potential effect of the blending process on the
mechanical properties of the UHMWAPE is significant,
but in this report, we focus on the morphological study
and establishment of TMAFM methodology. In the
future, we will continue to report the progress in the
testing of the mechanical properties of the composites.
Figure 4b demonstrates that there was no large size of
amorphous domains (dark regions). Although unfortu-
nately the PMMA phase sizes cannot be directly ob-
served, they can be deduced to be <100 nm as previously
described. This fine morphology may help reduce the
loss of the impact strength caused by introduction of a
brittle polymer.10

An estimate of the relative crystallinity of the polymer
samples at the microtomed surface can be made from
the phase image data presented in Figures 2—4. In these
phase images the data value (or intensity) of each pixel
is the phase shift recorded at that spatial location.
Hence, we propose that a histogram of percentage
occurrence of pixel intensity as a function of a phase
shift can reveal patterns in the phase data not easily
evident in the image alone (see Figure 11). These
histograms demonstrate that the angle of the phase
shift has a bimodal distribution, which is consistent with
the results from the phase images. The lower phase
angles in Figure 11 represent the tip responses from
the crystalline phase (bright) while the higher phase
angles are from the amorphous phase (dark). A distri-
bution of the phase data is to be expected due to
topographic effects and instrumental errors. This dis-
tribution can be approximately described as Gaussian,
as shown by the curve fitted lines in Figure 11. In the
curve fitting, two peaks were assigned for UHMWPE
and scCO,-treated UHMWPE (Figure 11a,b) in line with
their two-phase structures. Although it appears in
Figure 11c that the image phase data of the blend can
also be described by a bimodal distribution, the data
falling within the higher angle peak actually result from
both the UHMWPE amorphous and PMMA phases. The
data from each of these polymer phases overlap, which
is consistent with the APD measurements on the blend
as previously demonstrated in Figure 9. The use of the
curve fitting allows the crystallinity of the three sem-
icrystalline polymer samples to be quantitatively as-
sessed by calculating the peak areas in the distributions.
Accordingly, the crystallinity is 48.3% for UHMWPE,
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52.2% for treated scCO,, and 32.8% for UHMWPE/
PMMA (i.e., 61.9% of the UHMWPE component). It is
found by comparison that the difference between the
phase image analysis data and the DSC data (Table 1)
is estimated to be less than 5%. Because of practical
reasons, we could not give a standard deviation for the
phase data. However, we believe that the small error
of less than 5% between the two sets of data is close to
the precision of these two techniques. The close correla-
tion also reinforces that the acquired phase images in
Figures 2—4 represent the nanostructures of UHMWPE,
scCO,-treated UHMWPE, and UHMWPE/PMMA blend,
respectively.

1V. Conclusions

A one-step, in-situ synthesis of a UHMWPE/PMMA
(53/47 wiw) blend was successfully carried out using
scCO; as the processing medium. The morphologies of
the resulting blend together with UHMWPE treated and
untreated in scCO, were subsequently characterized
with tapping mode atomic force microscopy (TMAFM)
and differential scanning calorimetry (DSC). UHMWPE
is an ideal model material for TMAFM studies because
of the nanoheterogeneity in its morphological structure
and its chemical homogeneity. Therefore, the phase
image contrast obtained is due unambiguously to a
significant difference in stiffness between the crystalline
and amorphous phases. The apparent thickness of the
crystalline lamellae as estimated from the phase image
of the as-received UHMWPE ranges from 10 to 40 nm.
This value is in good agreement with a theoretical
calculation based on the DSC analysis.

The TMAFM force mode of amplitude—phase—dis-
tance (APD) measurement is a very useful method to
“fingerprint” multiple components of polymer blends by
comparison to “pure” components. The use of the APD
measurement demonstrates that the UHMWPE/PMMA
blend is a three-phase structure: UHMWPE crystalline
and UHMWPE amorphous and PMMA phases with
three different characteristic tip—sample interaction
profiles. The study also points out the importance to
assess the phase images of TMAFM by employing the
nonimaging force mode method. On the basis of the size
of the AFM probe—sample contact area and the distance
between crystallites, the phase-segregated PMMA do-
mains are estimated to be between 10 and 100 nm in
size.

The continuity of the UHMWPE lamellae is nearly
completely disrupted into separate crystallites by ad-
dition of PMMA (Figure 4b). The crystallinity of the
UHMWPE/PMMA blend (after normalization) substan-
tially increases to about 59.2%, compared to 50.4% of
the pure UHMWPE, as demonstrated by the AFM phase
image data and DSC analysis data of the blend. We
propose to attribute this increase to the enhanced
mobility and partial disentanglement of scCO,-swollen
UHMWPE molecules, following incorporation of a large
amount of small PMMA molecules into the substrate.
Both the increased crystallinity and the second low T,
endothermic peak appeared in the DSC trace of the
blend (Figure 10) are associated with the increased
population of small thus less perfect crystallites ob-
served in the phase image (Figure 4b).

The crystallinity calculated from phase data analysis
for all the semicrystalline polymer samples are in
agreement with those determined from DSC. This
reinforces that the AFM phase images obtained describe
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the nanostructures of UHMWPE and UHMWPE/PMMA
blend. Through statistical analysis of the phase distri-
bution in the APD data our results demonstrate that
the crystallinity of the samples can be quantified by
using phase imaging analysis at 48.3% for UHMWPE,
52.2% for treated scCO,, and 32.8% for UHMWPE/
PMMA (i.e., 61.9% of the UHMWPE component). These
data are within 5% agreement with standard DSC bulk
analysis of crystallinity.
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