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KEYWORDS Abstract Melting characteristics of high-density polyethylene (HDPE) mixed with nano-size cera-
Biocomposite; mic fillers (hydroxyl apatite and yttria stabilised zirconia) was analysed using the isochronal heating
Nano filler; rate between 10 °C min~" and 80 °C min~". In this investigation, the kinetics of melting of HDPE-
Melting kinetics; ceramic composites was analysed using the Avrami equation and the Kissinger model, applied to
Crystallisation; the Avrami formalism. The magnitude of the apparent energy barrier for the melting of HDPE falls
DSC (differential scanning within a range of 12 kJ mol~' and 22 kJ mol~', with a tendency for heterogeneous melting which
calorimetry). was determined by characterising the value of Avrami exponent, n found to vary between 1 and

2. The heterogeneous nature of melting was also confirmed using the scanning electron microscopy,
from which the evidences for both nano- and micro-scale interactions of HDPE with ceramic fillers
(HA and yttria stabilised zirconia) were confirmed on a microscopic scale.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction auto graft, allograft or a xenograft. Both auto grafts and allo-

grafts are proving difficult to access for medical reasons and

Hydroxyapatite (HA: Ca;o(PO4)¢(OH),) is one of the main
constituents of bones and is the only inorganic part of mam-
malian bone structure. At present there is an urgent need for
using the grafts for replacing damaged bone, which might be
achieved via any of either endogenous or exogenous materials:

Abbreviations: HA, hydroxyapatite; Y-PSZ, yttria partial stabilised
zirconia.
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due to the shortage of supply, which is why the popular alter-
native is to have a xenograft, which must be biocompatible.
For xenografts, hydroxyapatite HA is widely used for research
(Wang, 2003) and in commercial products, however this min-
eral is intrinsically weak and has to be used with another
load-bearing material for making a structure which is compa-
rable with natural bone (Wang et al., 1998).

Amongst a range of implant and bone analogue materials,
since 80 s, the HA reinforced with high-density polyethylene
(HDPE) is the commercial brand (HAPEX™), which has been
quite well proven for its biocompatibility (Yari Sadi et al.,
2006). This is because the HA mimics natural bone, and when
processed with micro- and macro porous scaffolds, the
osteoinduction commences well by absorbing bone mor-
phogenic proteins, growth factors, and progenitor stem cells.

1018-3639 © 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
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Once osteoconduction commences in the composite structure,
the process of osseointegration takes over locally by allowing
the formation of collagen (Weiner and Wagner, 1998).

Bone, as a composite, has a complex microstructural
feature which has been a major challenge in mimicking its
load-bearing performance, when designing with HA based
composite. In order to overcome the poor strength and elastic
modulus of HA, the polymer-based bio-composite as materials
engineering approach has been developed (Evans et al., 1990)
for bone graft and suitable implant materials (Tripathi et al.,
2010). The review (Tripathi et al., 2010) presents a comparison
of mechanical properties including the coefficient of friction
and wear rates against ceramic and metal surfaces. The role
of HDPE in the artificial bone composite is to provide the
intermediate functions of collagen, which is essential for bone
function, as it is anisotropic in its load-bearing properties
(Bonefield, 2006; Kong et al., 1999; Yari Sadi et al., 2004).
The incorporation of HDPE with ceramic fillers therefore pro-
vides the much needed mechanical compatibility, which other-
wise is difficult to engineer in synthetic composites. Most
importantly, HDPE is biocompatible and does not produce
any toxins (Evans et al., 1990; Kong et al. 1999; Tripathi
et al., 2010) which hinder osteogenesis and osseointegration.

In brief, the literature so far strongly suggests that the inter-
action of ceramic particulates with HDPE determines the ten-
sile strength and fracture behaviour of the HDPE-HA
composites, which has formed the basis for selecting the nano
particles of HA and zirconia for bio-composite materials engi-
neering (Huang et al., 2009; Wang and Bonefield, 2001;
Zhuang and Aizawa, 2013).

Recently, nano-scale HA (10-100 nm) has received much
attention owing to its superior functional properties (Zhu
et al., 2004), compared with the micrometre-scale HA materi-
als. The nano-sized HA structure is also known for promoting
pre osteoblast adhesion, differentiation and proliferation, and
setting up the transport of calcium ions for osteoconduction
(Silvio et al., 2002). Relevant osteogenic processes occur in
nano-HA structure at a much faster rate than that reported
for the micro- and macro-HA (Yari Sadi et al., 2008; Wang
and Bonefield, 2001). In HA, the addition of zirconia increases
strength and elastic modulus (Bonefield, 2006, Tripathi et al.,
2010).

The main aim of this article is to characterise the kinetics of
melting of HDPE in the presence of nano-scale HA and Y,0;-
partial stabilised zirconia (Y-PSZ). Since the HDPE is a low
melting (130 °C) material, implying that in the composite
structure, the creep flow and viscous properties might be gov-
erned by the nano-scale interaction with the high melting point
ceramic phases, which we aim to analyse using DSC. To the
best of our knowledge, the kinetics of melting of HDPE in
the presence of nano-scale (10-100 nm) particulates, especially
of HA and zirconia are not reported.

The effect of different types of ceramic fillers on the rheo-
logical and thermal properties of polymer matrix were investi-
gated previously (Chafidz et al., 2011; Joseph et al., 2002;
Khasraghi et al., 2011), however in this study our focus is on
the role of nano sized fillers on the melting kinetics for HDPE
composite, as an approach to understanding the nano particu-
late filler-polymer matrix interaction which is also examined,
in light of the potential use of such materials as implant or
graft. The viability of osteoblasts are known to be dependent
on the materials structure, especially surface properties which

in such composites might be dependent on the structural relax-
ation, e.g. flow behaviour during fabrication. On the melting
of HDPE with different ceramic filler phases the literature is
limited (Alothman et al., 2014; Chen et al., 2013; Cupta
et al., 1994). More specifically no report on the influence of
nano-particulates of HA and Y-PSZ with HDPE on thermal
behaviour and kinetics of melting are known, correlating with
the microstructural changes.

2. Experimental

2.1. Preparation of nano-composite materials

HDPE powder with average particle size of 5 um and the pow-
der density 0.959 g cm > was used as a matrix material for the
fabrication of bio-composite material for bone grafting.

Two different types of ceramic filler materials were used: (a)
99% pure HA having 20 nm average particle size and a particle
density of 3.140 gcm 3, and (b) partially-stabilised zirconia
(ZrO,-PSZ) which was doped with 3 mol% of yttria (Y,0;).
The Y-PSZ nano powder was 99.9% pure and had an average
particle size of 40 nm and density of 5.91 gcm™>. Powders
were dry mixed in a ball mill and then hot pressed at 140 °C,
using 140 MPa compression pressure, after which the disc
shape test samples with 15 mm diameter and height varying
between 7 and 10 mm were obtained.

2.2. Differential scanning calorimetric (DSC) measurements

For the characterisation of melting properties of the bio-
composites, the Perkin—Elmer DSC-8000 Thermal Analyzer
was used.

The sample size for each scan varied in the range of 10—
12 mg. Two different scanning conditions were applied: (a) sev-
eral isochronal rates (10, 15, 20, 25, 30, 35, 40, and 80 °C min~")
of scanning for heating ramp and a fixed cooling rate of 150 °C
min~! were adopted. (b) in the second type of scan the rates for
heating and cooling were maintained at 5, 10, 20, 30, 40 and
80 °C min~'.

2.3. Determination of kinetics parameters

For determining the kinetics of melting, we adopted the tech-
nique used for measuring the rate of devitrification of a glass
(Jordan and Jha, 1994; Sandler et al., 2003), which is based
on the Kissinger method for the analysis of Avrami model
for phase transformation kinetics (Avrami, 1941; Chen, 1978;
Kissinger, 1957). The reason for choosing this method is quite
apparent due to the similarity in the thermal behaviour during
heating and cooling cycle of an HDPE and a glass. In a mul-
ticomponent system, the melting rate is dependent on the rate
of heating which is why it is essential to use the single-scan dif-
ferential scanning plots for melting at different rates for the
characterisation of rate of melting in the nano-composite cera-
mic mixed HDPE. As an example, a single scan non-
isothermal DSC plot is shown in Fig. 1, from which the onset
of melting T, peak of melting 7}, and the heat of fusion data
are obtained. In this figure, the values of T, and T, were cal-
culated from the intersection of the extrapolated linear section
of the falling peak edge with the baseline and from the
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Figure 1  Estimated data form DSC scan for (a) 20 vol% HA/HDPE, (b) for 20 vol% HA/20 vol% Y-PSZ/HDPE samples.

maximum point in the endothermic peak, respectively. The
heat of fusion (AH,,) was determined by integrating the area
under the endothermic peak (Jordan and Jha, 1994).

In our method of analysis, the influence of different ceramic
phases on the kinetics of melting of HDPE is also examined by
recoding the enthalpy changes, associated with the scan rate
imposed for each sample. Assuming that the particulate-
ceramic filler interaction is chemical (Chrissafisa and
Bikiaris, 2011), one might then expect a melting behaviour
which might be comparable with the changes in a multicompo-
nent system. In this respect a non-isothermal melting and crys-
tallisation might be attributed to a large number of
infinitesimally small isothermal melting and crystallisation

events, which might be homogeneously distributed in the spec-
ified volume. The variables, therefore associated within the
assumptions of Avrami model, are the average for the events
under consideration. Using the Avrami model, the volume
fraction (X) of the HDPE material melted can be explained
by the following equation as a function of time (¢):

X =1-exp(—kt)" (1)

where k is a rate factor affecting melting, ¢ is the time in sec-
onds and 7 is an exponent. Since the quantity k is a rate factor,
it can be then represented by the standard Arrhenius rate equa-
tion, which under non-isothermal scanning condition will be
relevant in determining the rate parameter in the specified
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Figure 2 DSC scan (a) HDPE at different heating—cooling rates, (b)HDPE at different cooling rates-constant cooling rate, (c) 20 vol%
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20 vol% HA/HDPE at different heating—cooling rates, and (f) 10 vol% Y-PSZ/20 vol% HA/HDPE at different cooling rates-constant

cooling rate.

temperature range. Using Eq. (2), the temperature dependence
of rate law may be defined for melting reaction in accordance
with the Arrhenius law:

k=k,- exp (— If"') (2)

where k, is a frequency factor, E,, is the apparent activation
energy, and R is the universal gas constant (8.314 J mol~! K™).
In the realm of Avrami model, the Ozawa-Chen Eq. (3)
(Avrami, 1941; Chen, 1978; Kissinger, 1957) may be employed

for the characterisation of k, and E,,, by measuring the shifts in
the melting temperatures with various heating rates, discussed
above:

In (%) = RE—£+ <}Z)€n[f€n(l —X)]-In <%) 3)

From Eq. (3), a plot of In(7},/f8) against the reciprocal of T,
should yield a straight line with gradient equal to E,,/R for
each heating—cooling cycle. Each value of slope was used to
derive the value of apparent activation energy of melting of
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HDPE, mixed with nano-sized ceramic fillers. Once the value
of E,, is determined, the value of exponent n was evaluated
using relationship, proposed by Piloyan et al. (Piloyan et al.,
1966; Zhuang and Aizawa, 2013).

nEy _ dﬁn(lA}) )
R d(z)

where Ay is the displacement of the non-isothermal DSC trace
from the base line. Plotting In(Ay) against 1/7, yields a straight
line with a slope of nE,,/R, from which the value of n may be
derived. Since the HDPE is a crystalline polymer which on
mixing creates a heterogeneous material, and as a result of
mixing with the ceramic fillers whether all of the HDPE under-
goes melting is unclear. The degree of melting however may be
ascertained by measuring the fractional enthalpy, defined
below in Eq. (5) (Joseph et al., 2002). In Eq. (5), the melted
fraction (X) in a given composite is defined by the fractional
enthalpy (AH,,) by taking the ratio of enthalpy per unit mass
from a given composite which is then normalised with respect
to the enthalpy of 100% HDPE (AH,) per unit mass:

= i) ®

The mass enthalpy of HDPE characterised by DSC mea-
surements was 290 J g~! and is consistent with the literature
data (Piloyan et al., 1966).

Table 1a

2.4. Microstructure analysis

The morphological and microstructural characterisation of
HA/HDPE and Y-PSZ/HA/HDPE composite surfaces were
examined using a LEO-1530 scanning electron microscopy.
Specific attention was paid for the preparation of non-
conducting composite bio-composite samples which were
secured onto the specimen holders by conducting carbon
cement, then sputter-coated with less than 10 nm thick layer
of Pd—Pt alloy film. This approach for sample preparation per-
mitted the imaging of ceramic particulates at high magnifica-
tion without charging, which is often seen during SEM
imaging of non-conducting bone and skeletal minerals.

3. Results and discussion

3.1. Melting and crystallisation behaviour under different
isochronal heating rates and fixed and varying cooling rates

For the composite with 20 vol% HA the graphical illustrations
are presented in Fig. 2c and d; the trends identified therein are
also apparent in other composites which we have investigated
and are summarised in Table la. The results of apparent peak
shifts under varying isochronal heating rate (20-80 °C min™")
conditions are compared in Fig. 2b, d, and f, in which during
the cooling cycle of 150 °C min™~" there are no discernible peaks

Comparison of the peak (7)) and onset (7,) temperatures (°C) under two different heating and cooling rate conditions.

Variable heating rates between 10° and 80 °C min~'. Cooling
rate = 150 °C min~"

Variable heating and cooling rates between 10° and 80 °C min ™"

Monolithic/composite materials p - I T,

AH,, Jg !

Monolithic/composite materials f "/Tp ‘T, AH,,] g’l

HDPE
10 131 125 153
15 132 126 138
20 133 126 202
25 134 126 151
30 134 126 138
35 136 126 155
40 138 128 194
80 143 131 191

20 vol% HAp
10 134 127 140
15 135 127 143
20 136 127 153
25 137 128 131
30 138 128 165
35 138 128 130
40 142 128 138
80 149 132 145

20 vol% HAp + 10 vol% Y-PSZ
10 133 126 106
15 134 126 99
20 134 127 92
25 137 128 102
30 137 128 94
35 138 128 95
40 138 129 93
80 144 132 100

5 153 125 132
10 146 125 133
20 127 126 133
40 121 127 136
80 129 129 139

5 132 126 132
10 153 126 134
20 166 127 136
40 151 128 140
80 95 131 146

5 92 126 132
10 94 126 134
20 100 127 136
40 87 129 140
80 93 133 146

” Melting peak temperature.
* Start melting temperature.
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rates, (c) Relationship between In AY vs 1000/7, for 10 vol% YSZ/20 vol% HA/HDPE composite at different heating rate-constant

cooling rate, (d) at different heating cooling rate.

of crystallisation. On the other hand, when the heating and
cooling rates were identical, both the melting peaks on heating
ramp and crystallisation peaks on cooling cycle appear almost
in similar shape and symmetry. These melting peaks are spaced
apart shifting to higher temperatures with increasing heating

rates. The area under melting and crystallisation peaks increase
with the increasing ramp rate. By contrast, the crystallisation
peaks, which are exothermic in nature, shift to lower tempera-
tures with the increasing area under the crystallisation peaks.
The change in the shape and peak position as a function of
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Table 1b  Derived values of apparent activation energy (E,,, J mol~") of HDPE and the Avrami exponent, 7.

Variable heating rates between 10° and 80 °C min~'. Cooling
rate = 150 °C min "'

Variable heating and cooling rates between 10° and 80 °C min

1

Monolithic/ B xEckJ/mol n K Xc% =~ Monolithic/ B xEckl/mol n K Xc%

composite materials composite materials

HDPE
10 19 0.7 3.97*107° 52 55 47 0.74 1.18'107° 39
15 1.4 47 10-10 0.61 50
20 0.78 69 20-20 0.52 43
25 0.87 52 40-40 0.41 41
30 0.96 47 80-80 0.35 44
35 0.9 53
40 0.77 66
80 0.77 65

20 vol% HAp
10 17 1.17 11*1073 48 5-5 8 321 0.12 45
15 1.12 49 10-10 3.01 53
20 1.07 52 20-20 2.23 57
25 1.07 45 40-40 1.77 52
30 0.64 56 80-80 1.66 32
35 1 44
40 0.97 48
80 0.78 50
10 22 0.84 2%107° 48 5-5 6 4.68 0.27 31
15 1.1 34 10-10 4.23 32
20 1.28 31 20-20 3.38 34
25 0.91 35 40-40 3.18 30
30 1.31 32 80-80 2.77 32
35 0.75 32
40 0.72 48
80 0.71 34

x: Activation energy.

* Avrami constant.
* Constant of reaction.
™ Crystallinity%.

heating and cooling rates clearly illustrate that there is a kinetic
barrier for both the melting and crystallisation cycles. The char-
acteristic temperatures 7, and T, with the enthalpy of fusion
(J g7") data are shown in Table la, for HDPE, HDPE with
20% HA, and HDPE with 20% HA and 10 vol% Y-PSZ. All
DSC scans show a single endothermic peak for melting. In pre-
vious research reports (Chafidz et al. 2011; Chen et al., 2013;
Piloyan et al., 1966), the existence of the single endo or exother-
mic peak in a thermal scan has been attributed to the occur-
rence of co-crystallisation, and these are further analysed by
characterising the half-width of a peak. From Table la, it is
apparent that the onset and peak temperatures vary with the
heating rate systematically, in accordance with the theory
described above in Eq. (3). However the variation in the area
under the peak (enthalpy change) either with the heating rate
or the shift in 7,/T, is unclear. However in this investigation
since the ceramic phase does not demonstrate any significant
phase transformation during thermal scan, it is largely ther-
mally passive and the only changes apparent are in HDPE.
The values of the apparent activation energy FE,, and
Avrami exponent n are determined from the linear regression
analysis of the plots for the heating and cooling conditions,
defined above in Section 2.2. From the data in Table la, the
linear regression analysis was carried out for each data set in

Fig. 3a and b, for deriving the values of apparent activation
energy of melting, £, and the Avrami exponent n, respectively.
These data for heating and cooling cycles investigated for
HDPE, 20% Y-PSZ HDPE, and 20% HDPE/10% HA/HDPE
materials are summarised in Table 1b, from which it is clear
that the apparent activation energy E,, varies with ceramic
loading from 15 + 4 kJ mol™' to 47 + 3 kJ mol™". Based on
these data the values of exponent, n» may be determined from
the average value of the slopes in Fig. 3b and d. From the anal-
ysis, the derived values of # in this investigation fall well below
4; a value which corresponds to the condition for three dimen-
sional continuous and homogeneous melting in the confined
volume. The magnitude of heterogeneity increases as n
becomes smaller than 4, which is the condition we observe
from thermal analysis.

The derived value of activation energy also depicts a range
suggesting that the melting kinetics may be dependent on the
microscopic and sub-microscopic interactions of HDPE in
the presence of Y-PSZ and HA materials. Given the spread
of variation in the data, except for HDPE under different heat-
ing and cooling rates which yields a value of 47
+ 3.0 kJ mol™!, the values of E,, only vary within a narrow
range of +5kJmol™' with an average value of E,, at
17 kI mol ™.
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3.2. Microstructure

The main reason for such a small but discernible change does
not become clear until the detailed scanning electron micro-
scopic image analysis of the two types of HDPE composites,
which are shown in Figs. 4 and 5. In Fig. 4a—d, the microstruc-
tural features of composite with 20 vol% HA are summarised
at different magnifications, illustrating the morphological fea-
tures of nano HA particles and their clustering in Fig. 5a and
particle matrix interaction in and resulting changes in the
microstructures, Fig. 4b. For example the shear-like band for-

Signal A = InLens
WD = 66 mm

Mag = 200.37 KX

EHT = 5.00 kV Date :17 Jun 2013

Mag= 12.72K X
EHT = 500 kv
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Signal A = InLens

WD = 39mm Date :17 Jun 2013

mation in Fig.4a and b are a clear sign of strong particle
matrix interaction, via which the difference in the elastic con-
stants of the two materials (HDPE matrix and HA particu-
lates) lead to the shearing of the HDPE matrix. These shear
bands also seem to trap smaller particles of HA in Fig. 4b,
which must have folded and flowed under load during compos-
ite fabrication. The heating and cooling cycle during thermal
analysis does seem to significantly alter these shear band char-
acteristics, which can only be analysed in detail using sub-
ambient DSC by monitoring the glass transition temperature
close to liquid nitrogen temperature. In our investigation using

Mag =501.15K X
EHT = 20.00 kV
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WD = 81 mm Date :17 Jun 2013
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WD = 38mm Date :17 Jun 2013

Figure 4 SEM images for (a, b) 20 vol%, HA/HDPE samples, (c—f) 20 vol%, Y-PSZ/20 vol%, HA/HDPE samples.
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Figure 5

DSC we attempted to examine the changes in the glass transi-
tion temperatures, however the operational range of DSC
(=50 °C below 0 °C) did not reveal any change in the glass
transition temperature of HDPE. In Fig. 4b we also see clearly
the sites from where the particles might have been released,
which suggests that the nano particle trapping and shear band
formation are not the only features of particle-matrix interac-
tion in the 20vol% HA containing HDPE. Clusters of
nanometre size particles might be interacting much more dif-
ferently due to their aggregated size than the individual
particles.

In the composite containing 20 vol% Y-PSZ/20 vol% HA,
quite different structure has been obtained which is a flake like
structure that is similar to bone structure (Fig. 4c, and d). This
fibroses structures are very close to the natural bone structure
which reflect high mechanical properties as listed in our previ-
ous studies (Kashan et al., 2014; Kashan, 2014).

In Fig. Sa—c, the fracture morphological features of 20 vol
% HA with HDPE and HDPE with 20 vol% HA with
10 vol% YSZ are shown, from which it is apparent that the
microstructural features are very different compared with the
20 vol% HA. The SEM micrographs at high magnifications
in these two figures show the particles and associated porosi-
ties, shear band features which are much more random in
appearance, when compared with the flow-like appearance in
Fig. 4a and b. This difference is clearly arising due to the pres-

Signal A= InLens

WD = 7.4 mm Date :25 Jul 2013

Cc

SEM images for 10 vol% Y-PSZ/20 vol% HA composite fracture surface at different magnifications.

ence of zirconia and perhaps overall higher loading of HDPE
matrix with the ceramic phase.

For osteoblast growth such high surfaces are morphologi-
cal features which are highly desirable, as they mimic the
sub-structural features of bone. It is for this reason the melting
behaviour and kinetics of melting are relevant, for ensuring
that the composite materials maintain the high-surface area
for encouraging cell growth, without which such HDPE-
based ceramic composites have little use as bone graft
materials.

4. Conclusions

The melting kinetics of HDPE dispersed with 20 vol% HA and
20% HA and 10 vol% PSZ nano-scale ceramic powders were
characterised using the Kissinger method, described in
Eq. (3). The apparent activation energy of melting, which ranged
between 15kJmol™! and 47 kJmol™!, was found to be
strongly dependent on the volume fraction of ceramic phase
present. With the increasing volume fraction of ceramic phase,
the derived values of Avrami exponent, n were found to be
much smaller than 4 indicating a strong presence of heteroge-
neous melting. The extent of heterogeneous melting was appar-
ent from the high-magnification SEM images showing the
evidences for shear bands, particle clustering, and particle
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release. These microstructural evidences allude to indirect evi-
dences for localised phase change, the chemistry of which is
unclear.
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