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Hydroxyapatite reinforced high density polyethylene composite (HAPEX™) has been
developed for bone substitution. To improve its mechanical properties, HAPEX™ was
hydrostatically extruded at different extrusion ratios after compression moulding.
Substantial increases in the tensile and flexural properties of both unfilled polyethylene and
HAPEX™ were achieved. It was evident that the higher the extrusion ratio, the stiffer and
the stronger the extruded rods. The ductility of HAPEX™ was also significantly enhanced
by hydrostatic extrusion. Hydrostatically extruded HAPEX™ possesses mechanical
properties that are within the bounds for human cortical bone, which indicates its potential
for load-bearing skeletal implant applications. © 2000 Kluwer Academic Publishers

1. Introduction composite. With hydroxyapatite reinforced polyethy-
Various engineering materials, including metals and celene (now designated as HAPEYX), it has been an-
ramics, have been routinely used in orthopaedic surgerticipated that mechanical properties of the composite
as replacements for bone in a variety of proceduresvould match those of cortical bone and hence the prob-
ranging from bone grafting to total-hip replacement.lem of bone resorption would be avoided.
However, these implant materials possess much higher The manufacturing process of HAPEX consists
modulus values than that of cortical bone [1]. Such @of blending, compounding and centrifugal milling, fol-
modulus mismatch causes bone to resorb at the bonéswed by either compression or injection moulding.
implant interface, which leads to implant instability, Composites with up to 45 vol% (i.e. 73 wt %) of HA
and revision surgery is often required subsequently. can be made routinely and the HA particles were found
Bonfield et al. pioneered the use of bioactive par- to be evenly distributed in polyethylene [4]. Such a uni-
ticles as the reinforcement in a polymer matrix toform distribution of the bioactive phase in a composite
produce bone substitutes [2], considering the fact thais essential for the mechanical as well as biological per-
cortical bone itself at the ultra-structural level is aformance of implants. Different mechanical properties
composite consisting of nanometer-size apatite crystalsan be achieved by varying the mean particle size and
(5 nmx 5nmx 50 nm) and collagen fibres. Hydroxya- particle size distribution of HA, and the polyethylene
patite [HA: Cao(PO4)s(OH)2], which closely resem- matrix [5].
bles bone apatite, was chosen to reinforce polyethy- Furthermore, by varying the amount of HA in
lene for developing a bone analogue [3]. The ductileHAPEX™, a range of mechanical properties of the
polyethylene allowed the incorporation of a high per-material and biological response to the material can be
centage of bioactive particles in the polymer, whichobtained. It was found througin vivo studies that a
is essential for achieving desired bioactivity of the minimum amount of HA (approximately 20 vol%) in
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TABLE | Mechanical properties of skeletal tissues 2. Materials and methods
2.1. Materials production

Skeletal Young’s Tensile Elongation at j .

tissue modulus (GPa) strength (MPa) fracture (%) Syntheth HA (Grgde P88, Plasma Biotal Ltdg UK)
and a high density polyethylene (HDPE: Rigidex

Cortical bone 7-30 50-150 1-3 HM4560XP, BP Chemicals Ltd, UK) were used to pro-

gi_”c’“?"ous kt’_?”e 006%51_%%1 110074200 155‘750 duce HAPEXM containing 40 vol% of HA. Grade P88

endon rage R 80-190 o HA has a median particle size of 4.14n and the parti-

cles are small compacts of HA crystallites [4]. Rigidex
HM4560XP is an ethylene hexene co-polymer with
o ) . less than 1.5 butyl branches per 1000 carbon atoms.
the composite is required for bone apposition and bongg \yeight average molecular madd.() is quoted by

bonding to occur in a mechanically lightly loaded im- e manufacturer to be 225000 and the number average
plant [6]. An increase in the HA volume percentage yolecular masshl,,) to be 24000.

leads to increases in both the Young’s modulus and

tensile strength of HAPEX!, with a corresponding

decrease in the strain to fracture. A ductile-brittle tran- . .

sition exists at about 40 vol% of HA for HAPEX,  2-1-T. é,’v{let preparation _

in which case the Young's modulus is 4.29 GPa, which /APEX™™ pellets were manufactured via the estab-
approaches the lower bound for cortical bone (Table 1ylishedroute [4]. The billets (60 mminlengthand 12 mm
This composite can still be readily shaped with a scalpel diameter) for hydrostatic extrusion were produced by
in the operating theatre, enabling the implant to be mad#e method descrls/lbeo! previously [20].

an exact fit for the patient [7]. HAPEX' has already . SOMe HAPEXY billets were also produced by

been used clinically for orbital floor reconstruction [g] Ni€ction moulding (SL2 Air Operated Machine,
and otologic and maxillo-facial surgery [9]. J.B.Engineering, UK). The moulding temperature was

HAPEX™ processed through the conventional routel80°C and the rod dimensions were 90 mm in length

is suitable for low load bearing applications in the hu-2nd 10 mmin diameter.
man body. For major load bearing clinical applications,
it is necessary to increase substantially its stiffness
and particularly its strength while retaining reasonable2. 1.2. Hydrostatic extrusion
ductility. The technology for the hydrostatic extrusion of
It has long been recognised that molecular orientapolyethylene (and hence HAPEX in the current
tion in a polymer results in the significant enhance-study) was described previously [16]. Briefly, a billet of
ment in both stiffness and strength along the orientathe solid polymeric materialis surrounded by a fluid and
tion direction [10]. The effects are particularly evident made to flow through a die by applying pressure to the
with polyethylene due to its simple molecular structure fluid. Practically, it involves surrounding a billet with a
The increase in tensile modulus was correlated wittluid of appropriate viscosity, heating up the liquid (and
the average longitudinal crystal thickness in the ultra-hence the billet) to a temperature below the polymer
oriented polyethylene [11]. Wardt al. used several melting point, and extruding the billet through a con-
techniques to induce molecular orientation in differentvergent die by pressurising the fluid. The main process
grades of polyethylene, such as tensile drawing [12]yariables are the nominal extrusion rafm defined
die drawing [13] and hydrostatic extrusion [14], and as the ratio of the billet cross-sectional area to the die
investigated major factors controlling the mechanicalbore cross-sectional area, and the die cone semi-angle
properties of drawn or extruded polyethylenes [15, 16]«. The die used had a cone semi-angle of 45d the
Among these established technologies, hydrostatic exsore diameters were 1.8, 2.5, 3.0 and 3.5 mm, respec-
trusion was shown to increase substantially the tensil@vely, depending on the extrusion ratio to be achieved
strength and modulus of polyethylene [14]. Itwas found(Rn=5:1,8:10r11: 1). The billets produced by com-
that the polyethylene molecules were oriented and th@ression or injection moulding were given the nominal
spherulites transformed into the fibre structure in the exextrusion ratio of 1 : 1. They were machined with & 15
truded material, which accounted for the enhancementose to create an initial pressure seal for the hydrostatic
in stiffness and strength of polyethylene [11, 17]. extrusion. At the end of the nose a constant diameter
Hydrostatic extrusion is of particular interest for en- stub was also machined, which protruded a few mil-
hancing mechanical properties of HAPEX as itis  limeters into the die. To keep the extruded rod straight
capable of producing oriented structures in brittle ma-and to provide a means of sensing its displacement
terials [18, 19]. Another advantage of using hydrostaticduring extrusion, a cable was attached to the constant-
extrusion is that, compared to other techniques such afiameter stub and a small load (about 100 g) applied.
tensile drawing, it can provide oriented polymers with The other end of the cable drove a rotary potentiometer
large geometrical dimensions and hence offers poterto obtain the displacement signal. The back 3 mm of
tial in the manufacture of suitably sized, strong andthe billets were machined to a larger diameter to act as
stiff implants which contain a polymeric phase. There-a plug and prevent the violent release of pressure and
fore, HAPEX'™M manufactured through the conven- hot fluid at the end of the run.
tional route was further hydrostatically extruded [20], The pressurising fluid used was castor oil (J. L.
and the structure and properties obtained are reporte®eaton, Hull, UK). Billets of HDPE and HAPEX
in this paper. were coated with two layers of a rubber-like adhesive
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“Evostick” (Evode Ltd, Stafford, UK) to avoid direct gauge lengthtoits diameter was always greater than 15.
contact between the polymer and the pressurising fluidAll the tests were carried out at room temperature using
which can cause stress cracking of the polymer. Eachn Instron TT-CM machine at the cross-head speed of
applied layer of Evostick was allowed to dry for several0.5 mm/min. Three properties, namely flexural modu-
hours prior to hydrostatic extrusion. lus (FM), flexural strength (FS) and flexural ductility
(FD), were obtained using the following formulae [21]:

2.2. Materials characterisation EM — 4 WL3 1
2.2.1. Distribution of hydroxyapatite ~ 378D 1)
The distribution of HA particles in the HDPE matrix WL

was investigated for HAPER! after compression or FS=—3 (2)
injection moulding and hydrostatic extrusion. The pol- mD

ished composite surfaces, prepared by a standardised ED — 6Dé 3)
method [4], were lightly gold coated and examined un- L2

der a JEOL 6300 scanning electron microscope (SEM).
whereW is load,s is deflection,L is specimen gauge

length andD specimen diameter. The term “ductility”

2.2.2. Differential scanning calorimetry here refers to the maximum strain of the specimen if it
(DSC) failed during testing. Some rods did not break in bend-

The melting and crystallisation temperatures of thend and the load-deflection curve exhibited a peak load.

polyethylene matrix before and after hydrostatic ex-In these cases the ductility were measured at the maxi-
trusion were measured using a Perkin Elmer DSC 7MUM stress. Fracture or peak loads were used to calcu-
differential scanning calorimeter. The heating and coollat€ the flexural strength.

ing rates were 1TC/min, and 2 to 10 mg of the material

were analysed each time. )
2.2.5. Fracture surface observations

Tensile fracture surfaces of hydrostatically extruded
HAPEX™ were gold coated and examined under a

2.2.3. Tensile testin
J JEOL 6300 scanning electron microscope (SEM).

In studying the tensile drawing and hydrostatic ex-
trusion behaviour of polymers, it was found that the
Young’s modulus provides a good practical guide to
the effectiveness of the deformation process. There3. Results
fore, tensile testing was initially used for the assess3.1. Hydrostatic extrusion
ment of mechanical properties of hydrostatically ex-A preliminary study suggested that HAPEXrequired
truded HDPE and HAPER/, a higher extrusion temperature than that for linear
The extruded rods were cut to 50 mm in length andpolyethylene to ensure its successful hydrostatic ex-
machined into specimens to conform to ASTM E466.trusion, and hence 116 was used for both HDPE
They were subsequently embedded at each end in s&and HAPEXM throughout the current investigation.
epoxy resin to facilitate gripping. Tensile tests (at roomThe extrusion rate was maintained at approximately
temperature) were performed on an Instron 6025 mal.5 mm/min. The extrusion pressure, however, varied
chine at a crosshead speed of 0.5 mm/min. The specirom 19 to 207 MPa, depending on the extrusion ratio
men extension was measured with a spring-loaded knifand the material being extruded. It was found that the
type extensometer and this result was used to calculatevostick coating on the billets peeled off during extru-
the Young’s modulus of extruded HDPE or HAPEX  sion and did not go through the die. The diameter of hy-
atthe strain of 0.05%. The specimens were tested to faidrostatically extruded rods ranged from 1.6 to 3.5 mm,
ure, and hence the tensile strength and fracture straiwhich was dependent on the extrusion ratio and diam-
were determined. Some rods were tensile tested ureters of the billet and the die bore.
machined in order to investigate a possible core-skin Generally, after the preliminary trial runs, fault-free
structure. In these cases, only the Young's modulusods were produced by hydrostatic extrusion. However,
could be obtained because the specimens slipped in tlieefects such as helical fracture and localised distortion
epoxy resin blocks above certain stress levels (normallglid occasionally occur. The reasons for such defects
greater than 90 MPa). have been discussed elsewhere [20].

2.2.4. Flexural testing 3.2. Properties

With an increasing amount of extruded rods becom¥ig. 1 shows the tensile stress-strain curve of
ing available, mechanical properties of hydrostaticalyHAPEX™ hydrostatically extruded aiRn=5:1.
extruded HDPE and HAPEX! were mainly assessed HAPEX™ samples extruded at higher extrusion ra-
using flexural tests. A minimum of four specimens weretios exhibited similar mechanical behaviour. Under the
tested for each condition. The three point bending testtensile load, the extruded rod deformed with a gradu-
were performed according to ASTM 790, with the rodsally decreasing tangent modulus up to a certain stress
in their as-extruded diameters. The ratio of specimenevel above which a near-constant, but significantly
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TABLE |l Tensile properties of hydrostatically extruded HDPE and HAPEX

Sample code Procéss HA volume (%) Extrusion ratio Young's modulus (GPa) Tensile strength (MPa)
CMO0.1 Betol 0 1:1 0.65 17.89

PC0.20 Non-Betol 0 5:1 1.58 67.35

PC0.100 Betol 0 5:1 2.59 61.24

PCO0.24 Betol 0 8:1 4.08 158.2

CM40.1 Betol 40 1:1 4.29 20.67

PC40.1 Betol 40 5:1 5.89 64.78

PC40.7 Betol 40 8:1 9.91 91.23

P140.2 Betol 40 8:1 11.4 80.84

4Indicating whether the material was processed through the Betol compounding extruder prior to compression moulding of billets.
bThe sample was hydrostatically extruded using an injection moulded billet.
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Figure 1 Tensile stress-strain curve of HAPEX hydrostatically extruded at the extrusion ratio of 5: 1.

lower, tangent modulus was maintained. The rod usu¥ABLE I1l Extrusion pressure and flexural properties of hydrostati-

12.50

. . . N
ally fractured in this near-constant modulus region, thes@ly extruded HDPE and HAPEX'

fracture point depending on the volume fraction of HA 5

and the extrusion ratio. Tensile testing results for HDPEjolume (%) ratio pressure (MPa) (MPa) (MPa) (%)
and HAPEXM after hydrostatic extrusion are listed

in Table II. It is evident that higher extrusion ratios © L = 1 = 6.2
have led to higher Young’s modulus and tensile strengtfg Z:i éi gg 4512 g'g
for both HDPE and HAPEXV. The fracture strain of 4 11 _ 47 32 14
HAPEX™ was also substantially increased by hydro-4o 51 4 72 73 7.0
static extrusion, rising from 2.6% &n=1:1109.4% 40 8:1 94 9.0 88 6.5
atRn=8:1. It was found that higher modulus values 49 111 207 108 79 4.1

15.00

Extrusion Extrusion

Modulus Strength Ductility

could be obtained from un-machined (i.e. without re-
moval of skin of the rod) specimens than from machined
(i.e. with the skin being removed) specimens. towards the highest extrusion ratio attempted in the cur-
Table 11l shows flexural properties of the materials rent study.
tested. It can again be seen that hydrostatic extrusion Tensile and flexural properties obtained for hydro-
of HAPEX™ has produced improvements in the flex- statically extruded HAPEX' are comparable at each
ural stiffness and strength of over 100%, accompanie@xtrusion ratio (Tables Il and Il). The results listed in
by increases in ductility of at least 400%. The flexu- Table Il suggest that optimum mechanical properties
ral modulus and strength of hydrostatically extrudedcan be achieved &n=8:1 for HAPEX™. Both ten-
HAPEX™ appeared to increase with increasing extru-sile and flexural tests have shown the hydrostatically
sion ratio, although a leveling-off seemed to take placeextruded HAPEXM possesses strength and stiffness
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that are within the bounds for cortical bone, togethel
with a superior ductility (Tables I-III). 1

128

3.3. Structure
A homogeneous distribution of HA particles in the
HDPE matrix was found in both the centre and edgey’
of hydrostatically extruded HAPEX! rods at all ex-
trusion ratios. Comparing the SEM micrographs takery
from polished composite surfaces (perpendicular a2
well as parallel to the extrusion direction) with results
obtained previously [4], it appeared that hydrostatic
extrusion did not alter the dispersion and distribution + ' } ' :
characteristics of HA in HAPEX" which had been 120 140
achieved after compounding. Temperature (°C)
The DSC thermograms of HDPE before and after @
being processed through the compounding extrude
exhibited similar melting endotherms, indicating that
the compounding process did not cause any significar
morphological change in the polymer (Fig. 2a). Com- __
pression moulding of the polyethylene resulted in a2
moderate increase in the melting temperature (Fig. 2b 5
A further increase was detected after hydrostatic extrus
sion atRn=5: 1 (Fig. 2c), consistent with an oriented &
polymer morphology. The polyethylene rods with ex- z
trusion ratios of 5: 1 and 8 : 1 displayed similar melting 2
behaviour.

arbitr. units)

L
A d

T 131

Fig. 3 shows the melting behaviour of HAPEX
before and after hydrostatic extrusion. Compressiol
moulding of the composite gave rise to an increase it
the endotherm peak temperature (Fig. 3a), as it wa
the case for the unfilled polymer. But this temperature
was lower than unfilled HDPE (128 vs. 132C). Sub-
stantial increases in melting temperature were induce
by hydrostatic extrusion witRn=5:1 (Fig. 3b) and
Rn=28:1 (Fig. 3c). However, a higher extrusion ratio
(Rn=11:1) did not result in an additional increase of
the endotherm peak temperature.

SEM examination of tensile fracture surfaces re-
vealed thata core-skin structure, as shownin Fig. 4a, e
isted in hydrostatically extruded HAPEX. The skin
may not be concentric with the centre of the rod as ¢
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varying thickness of the skin was found around the core2

Fig. 4b shows the skin area of the fracture surface o
HAPEX™ extruded aRn=8:1.

4. Discussion

Various methods including die drawing and hydrostatic
extrusion have been used to increase substantially tt
stiffness and strength of polymers. However, die draw-
ing was found to be unsuitable for HAPEX [22], due

to premature fracture caused by cavity formation dur'Figure 2 DSC thermograms of HDPE: a) after compounding; b) after

-—

«
@

x

t + I

120
Temperature (°C)

(b)

140

134

120
Temperature (°C}

(©)

140

ing the drawing process. In a finite element analySigompression moulding; c) after hydrostatic extrusioRat=5 : 1.

of HAPEX™ [23], with simple assumptions of linear

elasticity and perfect bonding between the reinforce-

ment and the matrix, it was shown that the maximumwhen a mechanical bond exists between the reinforcing
direct stress concentration is radial stress at the polgarticles and the matrix, as in the case of HAPEX
this is the concentration of applied stress pulling theinterfacial debonding will inevitably occur under ten-
interface apart. The maximum shear stress concentraile stress, which leads to cavitation around the parti-
tion is around® = 45 in the negative direction. This cles. Although a stronger bond was formed between
maximum is close to, but not precisely at, the positionthe filler and the matrix with chemical coupling of
of maximum von Mises stress in the matrix. Therefore, HAPEX™ , cavitation following interfacial debonding
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100 120 140
Temperature (°C)
(a)

+ 133

Heat flow (arbitr. units)

I + I I
¥ ¥ T M i

100 120 140
Temperature (°C)

(b)

T 136

Heat flow (arbitr. units)

100 120 140
Temperature (°C)
()
Figure 3 DSC thermograms of HAPEW': a) after compression mould-

ing; b) after hydrostatic extrusion Bn=>5:1; c) after hydrostatic ex-
trusion atRn=28:1.

with glass fibres [25]. However, it is shown through the
current study that hydrostatic extrusion can be success-
fully employed to produce particulate filled polyethy-
lene with high strength and stiffness. In the case of
either die drawing or hydrostatic extrusion, the billet is
heated to a sufficiently high temperature to allow flow,
but below the polymer melting point in order to obtain
a polymeric structure with a high degree of molecu-
lar orientation. Hydrostatic extrusion has the distinc-
tive advantage of being capable of producing oriented
products from brittle materials, because the deforma-
tion occurs in a totally compressive field.

Previous studies suggested that linear polyethylene
should be extruded at 100 for optimum balance be-
tween the increasing deformability of the material and
loss of product properties due to annealing effects at
higher temperatures [26]. The extrusion temperature of
115°C used in the current study is necessary for en-
suring successful extrusion and good quality products.
With 40 vol% of HA, HAPEX™ is a highly filled poly-
mer containing approximately 70 wt% of the ceramic
particle. Its ability to resist deformation is considerably
greater than the unfilled HDPE at the extrusion tem-
perature, and hence much higher extrusion pressure is
required (Table IIl). During hydrostatic extrusion, there
is a shear component of work which increases with in-
creasing die angle. Provided small die angles are used,
like 15° in the current study, it is fairly reasonable to
neglect the effects of shear deformation on the distri-
bution of strains in the product.

Most researchers used a set-up which operates by
moving a ram, or by pumping a fluid into a vessel at
a constant rate for hydrostatic extrusion. This causes
the pressure to increase with time until extrusion com-
mences. The pressure required to maintain the steady-
state extrusion is often considerably lower than the
initial breakthrough pressure. In the current study, op-
eration of the extrusion process is that of maintaining a
constant pressure, allowing this to control the extrusion
rate. This technigue is not suitable for most metals be-
cause it requires a high degree of strain rate sensitivity.
With HDPE or HAPEXM, however, the strain rate de-
pendence is high, and hence their hydrostatic extrusion
has been successful. During the steady-state extrusion
of HAPEX™ | the extrusion pressure is normally 10—
20% lower than the initiation pressure.

The liquid surrounding the billet in hydrostatic ex-
trusion is required to fulfil two functions: (i) to transmit
and convertthe load from the pump or plungerinto a hy-
drostatic pressure around the billet, and (ii) to lubricate
the interface between the sliding surfaces of the billet
and the die. The selection of this pressurising liquid is
important as it should have a low viscosity but does
not cause stress cracking of the product. With the Evo-
stick coating, stress-cracking of polyethylene seems to
be avoided. Both compression moulding and injection
moulding have been shown to be suitable for the fabri-
cation of billets. However, the extrusion characteristics

was still observed during tensile testing [24]. Hence dieand mechanical properties of the extruded rods are not
drawing, which employs a tensile stressfield, is not suitsignificantly affected by the type of moulding. It was
able for highly filled polymers. These results are sim-noted that the surface finish is also important, as blem-
ilar to those obtained previously for the die drawingishes on the billet may be carried through the die on to
and hydrostatic extrusion of polyoxymethylene filled the product.
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(b)

Figure 4 Tensile fracture surface of HAPEX hydrostatically extruded at the extrusion ratio of 8: 1: (a) a general view; (b) the skin region.

The billet does not need to be of the same shape atonal benefit of hydrostatic extrusion is the substantial
the die bore. Therefore, square or hexagonal billets camcrease in fracture strain (a measure of ductility) which
be extruded through a round die bore, and converselis far greater than that of human cortical bone (9.4% vs.
extruded products with square or other cross-section8.5-3.0%). Itis important to observe, by comparing the
can be obtained by using non-circular die bores. It hasnechanical properties shown inrows 2 and 3 of Table Il,
been shown that tubular and non-circular sections ofhat materials need to be processed through the com-
polyethylene can be successfully hydrostatically expounding extruder in order to achieve larger property
truded [27]. Hence hydrostatic extrusion of HAPEX  improvements.
implants with desired cross-sections is possible, albeit Flexural tests show that the stiffness and strength
processing parameters need to be optimised. Obviouslgf hydrostatically extruded HDPE and HAPEX fol-
by extruding billets of non-constant section, such as talow similar ascending trends, namely a major increase
pered or stepped billets, the extrusion ratio, and conwith Rn=5:1, followed by a moderate increase up to
sequently the properties of the material, can be varie®Rn=8: 1 with little change thereafterupRn=11:1
along the length of the product, which itself is of a (Table Ill). The ductility of HAPEXM decreases
constant cross-section. sharply with anincreasing amount of HA [4], but the ap-

For hydrostatic extrusion, fluid-to-fluid extrusion plication of hydrostatic extrusion has led to substantial
(i.e. with a fluid back pressure in the second pressuréncreases in ductility, with all the extruded HAPEX
chamber from the die exit) can be employed to avoidrods displaying a ductility above the maximum fracture
cracking of the product and to increase the ductilitystrain of cortical bone.
of the product (sometimes with increases in strength As was shown extensively in the past, the melting
as well). It was reported that for products manufac-temperature of drawn or extruded polymersisindicative
tured at the same extrusion ratio but into different fluidof the degree of molecular orientation [27, 28]. There-
back pressures, the ductility of the products was permafore, the melting behaviour as well as the progression
nently increased by the use of a high back pressure [19pf the stiffness and strength of HDPE and HAPEX
Therefore, it may be possible to use such a techniquean be qualitatively understood on the grounds of an
to increase the ductility of HAPERX. increasingly oriented matrix as the extrusion ratio in-

Hydrostatic extrusion not only improves the mechan-creases. Hydrostatic extrusion of HDPE with the extru-
ical properties of both filled and unfilled polyethylene sion ratio fromRn=5:1toRn=238:1 corresponds to a
in the extrusion direction, but also changes their tensilet00% improvement in flexural stiffness and strength as
behaviour. For the extruded rods, there are two distinceompared to the non-extruded HDPE, and an increase
tive regions as far as their tensile curves are concerneid the melting temperature. The matrix molecular ori-
(Fig. 1). Such tensile characteristics differ greatly fromentation is enhanced by the incorporation of HA, as
the behaviour of both filled and unfilled polyethylene is indicated by the data in Tables Il and IIl. For extru-
prepared without hydrostatic extrusion. Compressiorsion ratios above 8 : 1 any additional deformation which
moulded HDPE undergoes yielding and necking undehas taken place through morphological changes in the
tension, while compression moulded HAPEXwith ~ HAPEX™ has little effect on the melting behaviour
40 vol% of HA exhibits a near-linear tensile stress-of the matrix and hence on the stiffness and strength
strain curve prior to fracture [4]. Itis evident for HDPE of the composite. The melting range seen in Fig. 2a is
or HAPEX™ that the higher the extrusion ratio, the somewhat lower than expected for polyethylene, owing
stiffer and the stronger the extruded rod (Table II). Withto Rigidex HM 4560XP being a co-polymer.
an extrusion ratio of 8: 1, the Young’s modulus and ten- Extrusion ratios above 8:1 are attainable for both
sile strength of HAPEXM are 2.6 and 4.4 times higher HDPE and HAPEXM, notwithstanding a drastic in-
than those of compression moulded material. An addierease of the extrusion pressure (Table Ill). There
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skin of hydrostatically extruded HAPEX to avoid 4
any uncertainty regarding their structure and mechani-
cal properties. 17
Past experience has shown that there is an optimum
combination of extrusion temperature and pressure thaf:
leads to the highest stiffness of linear polyethylene [16,4
26]. Therefore, future research in die design and optimi-
sation of the extrusion process may lead to the eliminaz2o0.
tion of the core-skin structure and furtherimprovements
in the mechanical properties of HAPEX. 21
22.
23.
5. Conclusions
Hydroxyapatite reinforced high density polyethylene?24-
composite (HAPEXV) containing 40% by volume of
hydroxyapatite particles has been hydrostatically ex-s
truded at different extrusion ratios. Higher extrusion
ratio leads to greater stiffness and strength of the mazeé.
terial. The composite after hydrostatic extrusion pos-
sesses mechanical properties that are within the boundé
for human cortical bone together with a significantly »g
improved ductility. Therefore, HAPER! further pro-
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