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ABSTRACT: Hydroxyapatite (HA) is part of bone min-
eral composition. Several attempts have been made to
incorporate HA into high density polyethylene (HDPE) to
produce bone replacement biomaterials since neat HDPE
is not suitable as bone replacement. The blending of
HDPE with ultra high molecular weight polyethylene
(UHMWPE) up to 50% by weight was performed with the
aim of improving the toughness of composites. Reinforce-
ment of blend with HA of up to 50% by weight was
carried out. Methods of characterizing the composites
included density, differential scanning calorimetry, ther-
mal gravimetric analysis, ash content, and morphological

examination using scanning electron microscope. For the
mechanical properties of the composites, tensile, flexural,
and impact tests were carried out. Incorporation of HA
into HDPE has resulted in the brittleness of the composites.
Blending of HDPE with UHMWPE in the presence of HA
was found to improve the mechanical properties and pro-
mote a ductile failure of the resulting composites. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 100: 3931-3942, 2006
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INTRODUCTION

Over the years, many approaches have been made to
develop bone replacement prostheses, ranging from
metal to ceramic to polymeric composites.' Metals
offer high strength but this also causes stress shield-
ing, which result in the loosening of prosthesis.* Ce-
ramic was found to have low fracture toughness that
lead to brittle failure.? Fortunately, polymeric compos-
ites seem to be able to offer balance between strength
and toughness as properties can be tailored by careful
selection of material and processing conditions.>>®
Polymeric composites comprise polymer component
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that forms the matrix and the reinforcing phase.
Among the polymers used are polyetheretherketone
(PEEK), polyaryletherketone (PAEK), polysulfone, ep-
oxy, poly(r-lactic acid) (PLLA), polyhydroxybutyrate,
and polyethylene (PE). The reinforcing phase consists
of glass fibers, carbon fibers, bioactive glass, and hy-
droxyapatite (HA).5~1°

The use of high density polyethylene (HDPE) rein-
forced with HA has been reported.” HA has a struc-
ture, [Ca,((PO,);OH,], that is similar to the major
inorganic reinforcing phase of bone and its biocom-
patibility with bone has been reported.'"™® On the
other hand, HDPE is bio-inert and it is analogous to
collagen found in bone, providing ductility to the
otherwise brittle HA. HDPE filled with HA at high
filler loading exhibit brittle properties.® Hence, several
approaches to further improve the mechanical prop-
erties of PE/HA composites were used, including HA
selection and treatment (composition, shape, particle
sizes, coupling agent) to processing optimiza-
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tion.”!%'*1> The PE matrix is the component that pro-
vides ductility and toughness improvement in this
phase and it is expected to improve the overall com-
posite ductility.

Ultra high molecular weight polyethylene (UHM-
WPE) is another type of PE with extremely high mo-
lecular weight (4 X 10°). It has been widely used as
biomaterial, especially as acetabular cup prosthesis in
hip replacement surgery.'®!” UHMWPE offers auto
lubrication, which imparts good abrasion resistance,
nontoxicity, high impact resistance (even at cryogenic
temperature), high toughness, excellent fatigue resis-
tance, and outstanding environmental stress cracking,
but unfortunately it has disadvantage in terms of pro-
cessing.'®™° This class of PE does not flow even when
heated above its melting temperature, T,,. Because of
this nature, filler incorporation is limited to dry mix-
ing. The blend of HDPE with UHMWPE is expected to
combine excellent toughness properties of UHMWPE
into HDPE while maintaining the processability of
HDPE. Our previous work?® on HDPE/UHMWPE
blend showed that HDPE improved the processability
of UHMWPE and toughness has been successfully
introduced into the blend by the presence of UHM-
WPE. Up to 50% by weight of UHMWPE addition was
found to have optimum properties and good process-
ing.?! Hence the present work reports on the incorpo-
ration of HA into neat HDPE and HDPE/UHMWPE
blend and its effects on processability, thermal, mor-
phology, and mechanical properties of the resulting
composites.

EXPERIMENTAL
Materials and sample preparation

HDPE was supplied by Titan Polyethylene (Malaysia)
as Titanex HI 2081 with density of 0.957 g/cm?® and
melt flow index (MFI) of 20 g/10 min at 190°C. The
UHMWPE used was GUR 4120 (Ticona, Germany),
supplied in powder form with density of 0.93 g/cm?
and no measurable MFI. HA was provided by Merck
(catalog no. 102196), with particle sizes ranging from
less than 2 to 20 um. All the composites were prepared
by melt mixing in a Brabender Plasticorder Model PLE
331 coupled with a mixer/measuring head (W50H) at
190°C and a rotor speed of 30 rpm. In the HA-filled
HDPE system, HDPE was charged into a Brabender
Plasticorder chamber and preheated for 3 min after
which mixer rotor was started to crush the HDPE for
1 min. HA was later loaded and mixing stopped at the
20th minute. The mixing of HA-filled HDPE/UHM-
WPE was similar except that UHMWPE was loaded
into the chamber after crushing HDPE for 1 min;
blending continued until the 14th minute when HA
was loaded and the final mixing stopped at the 20th
minute. A two-roll mill was used to sheet out the
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TABLE 1
Composition of HDPE/UHMWPE Blend
and Materials Coding®

Label HA (wt %) HA (vol %)
HDHA 0 0 0
HDHA 10 10 32
HDHA 20 20 6.8
HDHA 30 30 1.2
HDHA 40 40 16.4
HDHA 50 50 228
HDUHHA 0 0 0
HDUHHA 10 10 32
HDUHHA 20 20 6.8
HDUHHA 30 30 1.2
HDUHHA 40 40 16.4
HDUHHA 50 50 228

2 Ratio of HDPE/UHMWPE blend is at 50 : 50 for HDUH,
i.e.,, HDUHHA 10 refer to HDPE/UHMWZPE is at 50 :50
ratio and 10% weight content of HA.

compound. Thereafter, the mixed compounds were
compression-molded into samples using a Gao Tech
Hot Press at 190°C, 14 MPa pressure, for 25 min (in-
cluding 10 min of preheat). UHMWPE to HDPE ratio
of 50 : 50 by weight was used for HA content of 10—
50% by weight. Table I shows the label for different
composite compositions.

Characterization
Determination of HA particle size and HA content

HA particle size was measured using Malvern Mas-
tersizer. The amount of HA in the composite was
measured by ashing at 650°C for 30 min using Lenton
Furnace. Afterwards, the ash obtained was left in a
desiccator to cool over silica gel. All weight measure-
ments were carried out at room temperature, using a
Mettler AJ 150 weighing balance.

Density

The density of test specimens was determined using a
pycnometer according to the ASTM D792 water-dis-
placement method (Method A) using the equation

p=Wi /(W =W, (1)

where W, and W, are sample weights in air and water,
respectively. Densities of HDPE, UHMWPE, and HA
were quoted by manufacturers as 0.957, 0.93, and 3.20
g/cm?, respectively. Density based on rule of additiv-
ity was calculated as

PO = q)m [ (I)f Pt (2)
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Figure 1 HA particle size distribution.

where p° is the density based on additivity rule, ®,,
and &, are the volume fraction of matrix and filler; p,,
and pyare the density of matrix and filler, respectively.

Differential scanning calorimetry

Thermal analyses were performed on composites us-
ing a PerkinElmer DSC 7. Samples of about 5-10 mg
were heated to 200°C at a rate of 10°C/min in inert
atmosphere and held at 200°C for 1 min before cooling
to 30°C at 10°C/min. The same steps were repeated
for the second scan. Melting temperature (T,,) was the
peak in the thermogram and enthalpy (AH) was the
area under the thermogram. The enthalpy of 100%
crystalline polyethylene was assumed to be 293 J/g.**
Degree of crystallinity (x) is calculated as

Hy
- X 100 (3)
¢

where AH; and AH,° represent the enthalphy of sam-
ples and enthalphy of 100% crystalline PE, respec-
tively.

Scanning electron microscopy

The morphology of composite fracture surface was
studied with scanning electron microscopy (SEM), us-
ing a Leica Cambridge S-360 microscope. All the sur-
faces were gold-coated to enhance image resolution
and to avoid electrostatic charging.

Mechanical testing

Dumbbell-shaped tensile test specimen was obtained
from compression mold plate with dimension as spec-

ified in ASTM D638 Type I. Tensile test was carried
out in accordance with ASTM D638 at test speeds of
5.0 mm/min using a Testometric Model M500.

Flexural test was conducted according to ASTM
D790. The test was carried out using a Testometric
Model M500 at a test speed of 5.00 mm/min. Span
length was fixed at 50.0 mm. The dimension of spec-
imen was 12.7 mm X 3.0 mm X 150.0 mm (width
X thickness X length).

Impact test was conducted as specified in ASTM
D256 (Izod), using Zwick model 5101 impact tester.

All these tests were conducted at ambient tempera-
ture and an average value of five tests was taken for
each composition.

RESULTS AND DISCUSSION
Characterization
HA particle size

The filler particle size often affects the mechanical
properties of composites.”>*” Hence the characteriza-
tion of filler size and their distribution will help to
understand the properties of composites. Figure 1
show the particle size distribution of HA powder used
in this study. Table II reveals that the median particle
size of HA powders used was 4.61 pum. Approxi-
mately 10% of the filler is less than 1.40 um while
submicron size is found to be less than 6%. Large
particles (20 um and above) are less than 5%. Overall,
filler sizes are fairly distributed and this contributed
towards good dispersion of particles up to 40% by
weight or 16.4% by volume, as high amount of small
particulate matter is reported to have the tendency to
agglomerate.”?® This will further be discussed in de-
termination of HA content and SEM micrograph.
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TABLE 11
HA Particle Size Properties®

Particle size (um)
Do.g9

Sample Dgs Dy, Surface area (m*/g)

HA 4.61 1.4 24.54 2.01

?Dys, median particle size; Dy, and D, oo, the size below
which 10% and 99% of the particle diameters lie, respec-
tively.

HA content and density

HA content and its densities at various HA loading
are summarized in Table III. Average HA content for
HDHA and HDUHHA suggests that the filler lost
during compounding is minimal. At the same time,
average deviation and standard deviation values are
at less than 5 and 2%, respectively, for both composite
systems indicate ‘macroscopic’ distribution of HA.
HDHA displays lower value of deviation when com-
pared to HDUHHA at all HA loadings because of the
fact that HDPE has lower viscosity. Lower viscosity
allows ease of filler mobility and this contributes to-
ward the dispersion of filler in polymer matrix.***’
Even so, when observed, HDUHHA 50 displays cer-
tain agglomeration visible to the naked eye. Thus,
further examination in terms of microscopic HA dis-
tribution by SEM micrographs is essential and will be
discussed later.

Densities of composites (Table III) obtained from
experiment increase with the increase of filler loading.
This observation is expected, since HA density is
higher than either HDPE or UHMWPE/HDPE blend.
Irrespective of filler loading, the density obtained
from experiment shows no significant difference to
those calculated by rule of additivity, suggesting the
efficiency of mixing of Brabender as little filler is lost
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during blending. Ishak et al. reported a similar obser-
vation using rice husk as filler in polyolefin.*!

Thermal properties

Figure 2 illustrates the typical differential scanning
calorimetry (DSC) endotherm of HDUHHA compos-
ites at various HA loadings and Table IV provides the
DSC results. These data imply that HA filler has some
influence on the PE lamellar crystallites as indicated
by the shift in melting temperature, T, to lower val-
ues. It is believed that melting at lower temperature is
associated with thinner lamellar in the composites.
Other workers®*~* have reported the dependence of
T,, on lamellar thickness. HA filler has higher specific
heat capacity, thus making it to be a better heat con-
ductor. This in turn causes the cooling of composite to
be faster and resulted in thin lamellar formation rather
than thick crystal growth.”

It is likely that a tail towards the lower temperature
region of DSC curve is due to the presence of different
crystal distribution. In this case, the tail at lower tem-
perature represents a fraction of very thin crystallites.
When T, shifts to a lower value, it is expected that the
degree of crystallinity would also indicate a lower
value. This observation is in agreement with the re-
sults presented in Table IV. Although a shift of T,, to
lower temperature is related to formation of thinner
lamellar, Bartaczak et al.?, in their findings with filled
HDPE composites, reported that it is compensated by
the formation of larger number of thinner crystallites.

Brabender torque

Figures 3 and 4 demonstrate the torque development
of HDHA and HDUHHA during compounding using
Brabender Plasticorder. The processing behavior can

TABLE III
HA Content after Ashing and Density of Composites at Respective HA Loading®

Average deviation Standard Experimental density, p Theoretical density, p°
Sample HA content (%) (%) deviation (g/cm®) (g/cm®)
HDHA 0 0.97 0.96
HDHA 10 10.20 0.77 0.08 1.05 1.02
HDHA 20 19.39 0.85 0.17 1.14 1.10
HDHA 30 29.53 0.56 0.17 1.23 1.19
HDHA 40 39.06 0.86 0.33 1.35 1.30
HDHA 50 49.08 2.57 1.26 1.45 1.43
HDUHHA 0 0.96 0.94
HDUHHA 10 10.99 4.37 0.48 1.03 1.01
HDUHHA 20 19.60 1.69 0.33 1.11 1.08
HDUHHA 30 29.45 1.65 0.49 1.21 1.17
HDUHHA 40 38.41 4.58 1.76 1.29 1.28
HDUHHA 50 47.84 3.23 1.54 1.41 1.41

@ Ratio of HDPE/UHMWTPE blend is at 50 : 50 for HDUH, i.e., HDUHHA 10 refer to HDPE/UHMWTZPE is at 50 : 50 ratio

and 10% weight content of HA.
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Figure 2 Differential scanning calorimetry of HDUHHA at various HA loadings.

be seen through torque development in Bra-
bender.>>” It also provides a window to the viscosity
and processability of composites. Initial torque peak in
HDHA labeled as A in Figure 3 is due to the melting
of HDPE. The second torque peak at B occurs when
HA filler is charged into the mixing chamber. The
torque increase is anticipated, as HA is more rigid,
thus it will restrict the flow of polymer. Moreover, HA
filler initially is cooler when compared with the melt
in the mixing chamber. Thus, these reasons lead to the
second torque peak observed. After ~10 min of mix-
ing, the torque development reaches a plateau at C,
indicating no significant change in viscosity. The
torque values at B and C recorded higher values as
HA loading increases because HA filler has a higher
rigidity that poses a hindrance to flow.

Figure 4 depicts the torque development for HDU-
HHA as filler content increases. The first torque peak
labeled A represents the melting of HDPE. The second

torque with a maximum at B reflects the charging of
UHMWRPE that is cooler initially when compared with
the melt in the mixing chamber. The third torque peak
has a type of plateau (indicated by C) that is attributed
to the fusion of HDPE and UHMWPE components of
the blend. HDUHHA system shows decrease in
torque when filler loading is increased, as noticed at
points D and E in Figure 4 (charging of HA into
mixing chamber). This observation is believed to relate
to the higher viscosity of blend. Higher viscosity gives
rise to reduced flow, resulting in difficulties of filler
incorporation. Even so, the effect of filler incorpora-
tion is minimal as the result shown earlier in ashing
and Thermal gravimetric analysis (TGA) reflects effi-
cient incorporation of filler into both composite sys-
tems. It is postulated that HA filler at later stage of
mixing forms a noncontinuous layer separating mix-
ing chamber wall from the composite blend, causing
lower friction between mixing chamber wall and the
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Figure 3 Torque development curve of HDHA in Brabender at various HA loadings.
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TABLE 1V
Thermal Properties of HDUHHA Composites at Various
HA Content”

Melting Degree of
temperature, ~ Enthalphy,  crystallinity,
Sample T, (0) H; (1/8) X (%)
HDUHHA 0 135.8 175 59.7
HDUHHA 10 135.3 149 50.8
HDUHHA 20 134.0 127 43.3
HDUHHA 30 134.4 116 39.6
HDUHHA 40 133.5 109 37.2
HDUHHA 50 132.1 116 39.6

@ Ratio of HDPE/UHMWPE blend is at 50:50 for HDUH,
i.e., HDUHHA 10 refer to HDPE/UHMWTPE is at 50:50 ratio
and 10% weight content of HA.

rotating rotor. This contributes to the lower torque
obtained at the end of mixing as HA filler increases. In
particular, at high HA loading (HDUHHA 40 and
HDUHHA 50), an extra torque peak is noticed at point
X. This is possibly due to the migration of HA to the
interface between mixing chamber wall, and compos-
ite and rotor. Subsequently lower torque was ob-
served. It is possible that HA filler has a little affinity
towards metal.

The higher viscosity of the blend brings about lower
flow, hence introducing restriction to the flow of ma-
trix and subsequently the dispersion of filler. The re-
sults here agree with earlier observation concerning
HA content and the standard deviation of HA content.

70
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Mechanical properties
Tensile property

Figure 5 presents the Young’s modulus of HDHA and
HDUHHA composites at various HA loadings. Max-
imum filler loading of HDHA is 11.2% by volume or
30% by weight because HDHA with higher filler con-
tent is too brittle to be compression-molded. On the
contrary, HDUHHA composites are capable of load-
ing up to 22.8% by volume or 50% by weight. This
observation is not anticipated, as earlier result in ash-
ing, TGA, and torque development studies indicate
easier HA incorporation into the HDPE matrix. Hence
it is proposed that the ease of incorporation of HA into
the matrix does not necessarily dictate higher strength
of composites. HDPE has lower viscosity and this
enables the ease of filler incorporation, while HDPE/
UHMWPE blend has higher viscosity that suggests
better melt strength. Thus, it can be molded into spe-
cific shape and retain the dimension upon cooling, as
opposed to HDPE. Since the HDPE component of both
composites is the same, it is apparent that the ‘extra’
strength is contributed by UHMWPE component it-
self. Bonfield et al.” reported the loading of HA up to
45% by volume into HDPE. This could be attributed to
the following reasons: the use of twin screw extruder
that introduces high shear and further powdering of
pellet in centrifugal mill using liquid nitrogen. In ad-
dition, molding of composites is in plate form at 205°C
before being machined to dumbbell shape using a
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Figure 4 Torque development curve of HDUHHA in Brabender at various HA loadings.
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Figure 5 Young’s modulus of HDHA and HDUHHA at various HA loadings.

pantograph machine. The system here uses much sim-
pler processing route to reduce the cost of production
and other complications that may arise from multiple
processing. Thus by applying the processing route
suggested by Wang et al.,'’ it is expected that the
higher loading of HA into HDPE composite system is
possible. This is proven in flexural sample capable of
sustaining HA loading up to 22.8% by volume by
molding into plate first before being cut into the ap-
propriate dimension for flexural test.

The comparison of Young’s modulus of both com-
posites reveals that HDHA has higher Young’s mod-
ulus than HDUHHA with the same amount of filler
loading (Fig. 5). However, because of the ability of
HDUHHA composites to sustain higher HA loading,
the final Young’s modulus was higher than that of

HDHA. It is believed that the blend has allowed the
extension of filler loading by increasing the overall
melt strength and toughness. Increment of modulus
due to filler with higher rigidity than the matrix has
been reported by other workers.?”%3°

Figure 6 shows the effect of filler loading on the
tensile strength of composites. HDUHHA composites
are observed to show reasonably higher tensile
strength when compared with HDHA system. The
interaction between filler and matrix is poor because
one component is inorganic (HA) while the other is
organic (PE). Because of this fact, the addition of filler
into the matrix may introduce weak points that sub-
sequently manifest as stress concentration in the com-
posite.** When stress is applied, because of poor filler—
matrix interaction when compared with matrix-ma-
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Figure 6 Tensile strength of HDHA and HDUHHA at various HA loadings.
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TABLE V
Tensile Strain and Energy at Break for HDHA and HDUHHA Composites at Different HA Loading®
HA loading HDHA HDUHHA
(Wt %) (vol %) Tensile Strain (%) Energy at Break (Nm) Tensile Strain (%) Energy at Break (Nm)

0 0 241 68.2 20.6 4275

10 3.2 7.5 5.3 221 328
20 6.8 3.9 24 21 20.7
30 11.2 2 1 22 16.2
40 16.4 232 3.1

50 22.8 22.7 1

@ Ratio of HDPE/UHMWZPE blend is at 50 : 50 for HDUH, i.e., HDUHHA 10 refer to HDPE/UHMWZPE is at 50 : 50 ratio
and 10% weight content of HA.

trix interaction, separation of filler from matrix is quite  to plastic deformation, which helps to increase ductil-
likely to initiate at filler-matrix interface, leading to ity of composites. As the loading of HA in the com-
development of void, debonding of fillers and subse-  posite increases, there is a reduction of tensile strain
quently crack and failure of composites. This explains  and energy at break for both HDHA and HDUHHA
the poor tensile strength of HDHA at higher HA load-  systems, but HDUHHA still demonstrates remarkable
ing. In addition, at high filler content, apart from  superiority over HDHA composites. A possible reason
filler-matrix interaction, fillerfiller interaction also  for this phenomenon may be due to crack that initiates
plays a role in the decrease of tensile strength. Bon-  from the interface of HA particle in HDHA and acts as
field et al.” as well as Suwanprateeb*" pointed out  points of stress concentration. Because of relatively
similar observation in HDPE-filled HA system and  high crack resistance of UHMWPE, formation of
HDPE-filled calcium carbonate system, respectively. void,** and the crack propagation is slowed down as
In the case of HDUHHA, the composite is able to ~ UHMWPE absorb part of the energy. This mechanism
maintain a fairly constant tensile strength or at leasta  is proposed to explain why blend composites (HDU-
slight improvement with filler loading up to 22.8% by = HHA) have considerable better toughness when com-
volume (50% by weight). This observation is attrib-  pared with HDPE.
uted to the possibility of UHMWPE’s extremely long
chains trapping HA particles in the matrix, leading to
enhanced mechanical interlock. The values of tensile
strain and energy at break are summarized in Table V. Figure 7 shows the flexural modulus of composites at
and a comparison of the values for HDHA and for  various filler compositions. Unlike tensile sample,
HDUHHA shows the latter to be far more superior. It ~ which is molded out from tensile-shaped cavity, sam-
also shows that the formation of fibrils is also related  ples for flexural investigation were molded out in

Flexural property
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Figure 7 Flexural modulus of HDHA and HDUHHA at various HA loadings.
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Figure 8 Flexural strength of HDHA and HDUHHA at various HA loadings.

plate form and cut with rotating band saw for the
required flexural test dimension. Thus, up to 22.8% by
volume or 50% by weight of HA in both HDHA and
HDUHHA composites could be produced. Flexural
modulus of HDHA was consistently higher than
HDUHHA but at 50 wt % HA, HDUHHA had higher
flexural modulus than the corresponding HDHA sam-
ples.

The lower flexural strength of HDHA compared
with HDUHHA at higher HA content is shown in
Figure 8; it indicates that the higher rigidity of HDHA
leads to brittle characteristic, in which failure occurs
before the sample is able to reach its real strength.
Brittle failure occurs when applied stress is unable to

450

be fairly distributed, causing local stress concentration
that leads to crack formation especially near defects,
frozen stress area, particle-matrix interface, and par-
ticle-particle interface. Because of the inefficiency of
stress distribution, debonding of particle initiated at
these weak points leads to further interruption of
stress distribution. When the separation grows large
enough, crack propagation occurs. Eventually, more
stress is concentrated on the neighboring particles
from the advancing crack, bringing about rapid and
successive propagation that finally leads to brittle fail-
ure. From Figure 8 it can be seen that the flexural
strength of HDHA start to decrease from HA content
of 6.8% by volume (20% by weight). In contrast, HDU-
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Figure 9 Impact strength of HDUHHA at various HA loadings.
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Figure 10 (a) SEM micrograph of HDHA 20 tensile fracture surface at 500X magnification.(b) SEM micrograph of HDHA

40 tensile fracture surface at 500X magnification.

HHA composites show a rather stable flexural
strength at high filler loading.

Impact property

The impact strength data, presented in Figure 9,
shows a reduction in impact strength after the addi-
tion of HA filler to HDPE/UHMWPE blend. Impact
strength shows obvious decrease in value after the

initial loading of HA filler. This is anticipated because,
the introduction of filler into polymer matrix** dis-
rupts the continuity of the matrix and may be ex-
plained as follows. Before the inclusion of HA filler,
UHMWPE interaction with HDPE is strong since both
have the same chemical composition. Because of this,
it gives rise to high impact strength for the unfilled
blend. When HA is introduced, the HDPE/UHMWPE
area of contact decreases and is replaced by HA/
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Figure 11 (a) SEM micrograph of HDUHHA 20 tensile
fracture surface at 500X magnification. (b) SEM micrograph
of HDUHHA 40 tensile fracture surface at 500X magnifica-
tion.

HDPE and HA/UHMWPE contact area. HA has rela-
tively low compatibility with PE. This in turn lowered
the capability of matrix to distribute the impact energy
applied. However, it is worth noting that after the
initial sharp decrease, impact strength seems to re-
main stable regardless of subsequent increase in HA
loading. Toughness enhancement by UHMWPE phase
also reveals itself in the morphological failure surface
observed in SEM micrograph, which will be discussed
subsequently.

Scanning electron microscopy

Figures 10 and 11 show the fracture surface of HDHA
and HDUHHA at different filler loadings. At 6.8% by
volume of filler loading in HDHA, some plastic defor-
mation can be spotted [Fig. 10(a)] but at higher filler
loading, brittle fracture is observed as indicated by the
random flake-like rough surface [Fig. 10(b)]. This
structure is often associated with brittle failure.** The

effect of higher filler loading in reducing matrix de-
formation has been reported elsewhere.*” In compat-
ison to HDHA composites, HDUHHA system provide
reasonable proof of better plastic deformation at the
corresponding filler loadings, as shown in Figure 11.
Figure 11(a) shows extensive fibril formations of
HDUHHA 20 compared with HDHA 20 in Figure
10(a) at the same magnification. The same trend is also
observed for higher filler percentage in Figures 10(b)
and 11(b), respectively. For HDUHHA system, in-
crease of filler leads to decrease in the formation of
fibrils, indicating lower ductility of material. Wang et
al. made a similar observation for the failure behavior
of HA/HDPE."

Generally, HA exhibits poor bonding towards PE in
both composite systems, as depicted in particle
debonding and existence of voids between particles
and matrix. The clean HA surface without obvious PE
fibrils sticking on the surface implies the weak bond-
ing of HA to PE. It is concluded that HA particles are
mechanically locked by PE matrix of both composites.
It is apparent that HDUHHA system provides better
mechanical interlock by the more enclosed HA parti-
cle in Figure 11(a) when compared with HDHA in
Figure 10(a). It is postulated that UHMWPE, which
has high molecular weight chains, is capable of exten-
sive fibrils formation, which contribute to the en-
hanced mechanical interlock of HA particles. It may be
possible that further treatment of HA particle with
coupling agent would help to introduce chemical in-
teraction of HA and PE matrix. This will be the subject
of our future publication.

CONCLUSIONS

The following conclusions can be drawn from this
study

1. Density values of HA-reinforced HDPE and HA-
reinforced HDPE/UHMWPE indicated little
filler loss during compounding of the samples.
Ashing and TGA further support this observa-
tion. TGA also show that there is increase in
thermal stability of the filled composites with
increased HA content.

2. HA introduces rigidity into the composites, as
shown in Brabender torque studies. This rigidity
in turn brings about brittle characteristic into the
composite properties, as observed in the mechan-
ical properties. However, composites containing
UHMWPE are found to have better toughness
than those without. Thus it is concluded that the
incorporation of UHMWPE into HDPE has suc-
cessfully introduced toughening effect into
HDPE. Also, this toughening effect is, to some
extent, sustainable in HA reinforced HDPE /UH-
MWPE composite system.
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3. Toughness improvement of HDPE/HA system
by the presence of UHMWPE is further sup-
ported by failure mechanism observed using
SEM. Extensive plastic deformation in the form
of fibril formation is believed to be the main
toughening mechanism.
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University of Ilorin, Nigeria, for the award of a study leave.
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