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ABSTRACT: In this article, new polyoxymethylene
(POM) /hydroxyapatite (HAp) nanocomposites for bone
long-term implants have been obtained and characterized by
using FTIR, WAXD, SEM, TG, DSC, tensile tests, and in vitro
evaluation. Characteristic bands both for extended chain crys-
tals (ECC) and folded chain crystals (FCC) were observed in
FTIR profiles for both pure POM and POM in POM/HAp
nanocomposites. From WAXD analysis it has been found that
the addition of HAp does not change the hexagonal system of
POM in POM/HAp nanocomposites. Moreover, degree of
crystallinity of POM increases with an increase of HAp
content up to 1.0% and next decreases with an increase
HAp content. It indicates that HAp nanoparticles up to

1.0% content act as effective nucleating sites. Mechanical
tests revealed that Young’'s modulus increases, whereby,
elongation at break and tensile strength decrease with
increasing hydroxyapatite concentration. Results of in vitro
investigations show that an increase of HAp content in
POM nanocomposites facilitates formation of apatite layer
on the sample surface and improves in vitro stability
POM/HAp nanocomposites. © 2011 Wiley Periodicals, Inc. |
Appl Polym Sci 123: 2234-2243, 2012
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INTRODUCTION

Bone exhibits a complex structural hierarchy that
spans over nanometer to millimeter. At the nano-
structural level, bone is primarily composed of hy-
droxyapatite (HAp) and collagen. HAp mineralizes
at specific locations at collagen, in such a way that
the c-axis of HAp aligns parallel to collagen mole-
cule. The collagen molecule is helical overall with
non-helical ends that are N- or C-telopeptides." A
variety of materials have been used for replacement
and repair of damaged or traumatized bone tis-
sues—metals, ceramics, and polymers.>> In the latter
group, the scaffolds for bone tissue engineering
should be fabricated from a biocompatible polymer,
which does not have the potential to elicit an immu-
nological or foreign body reaction. The chosen poly-
mer can degrade at a controlled rate in concert with
tissue regeneration. The degradation products
should not be toxic and must be easily excreted by
metabolic pathways.*
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Nanocomposites consisting of a polymer matrix
and HAp provide specific biomaterials for internal
bone implants with biological and mechanical prop-
erties tailored for a given medical use. These materi-
als link the advantages of polymers (structural sta-
bility, strength, biocompatibility, desired shape) with
properties of HAp that resembles bone structure.>®

Polyoxymethylene (POM) belongs to the group of
engineering thermoplastics; it is also called polyace-
tal because of its basic molecular structure consisting
of a repeating carbon-oxygen linkage. Acetal homo-
polymer refers to resin containing solely the carbon-
oxygen backbone, while for the copolymer resin the
oxymethylene structure is occasionally interrupted
by a comonomer unit.” Properties which arise from
polyacetal structure are: high-impact strength, stiff-
ness, resiliency, toughness, and high yield stress;
low friction coefficient; low gas and vapour perme-
ability; exceptional dimensional stability and dielec-
tric properties; high fatigue strength; and good
retention of properties at elevated temperature.®
POM shows an ultra high modulus—it is caused by
the presence of extended-chain crystals, whereby a
part of the polymer could still appear as chain-
folded lamellae.”

Recently, some novel POM-based (nano)compo-
sites have been described in the literature. Hence,
Sanchez-Soto et al.'’ investigated the influence of the
functionalization of fully condensed polyhedral oli-
gomeric silsesquioxanes (POSS) on the properties of
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POM-based nanocomposites and they found that the
thermal stability under inert atmosphere of POM
dramatically increased with the addition of POSS
moieties. Masirek and Piérkowska'' studied nuclea-
tion of crystallization process of polyoxymethylene
with dispersed submicron particles of poly(tetrafluo-
roethylene) (PTFE). POM with PTFE particles are all-
polymer systems with enhanced nucleation of crys-
tallization; PTFE particles with sizes below 300 nm
added to POM efficiently decreased sizes of poly-
crystalline aggregates. In another development,
Siengchin et al.'> obtained binary and ternary com-
posites composed of POM, polyurethane (PU), and
carbon nanofibers (CNF) by water-mediated melt
compounding. Authors revealed that CNF worked
as reinforcement and also improved the thermo-oxi-
dative stability of POM. POM/multiwalled carbon
nanotube (MWNT) nanocomposites  prepared
through a solution-evaporation method assisted by
ultrasonic irradiation showed improved thermal
conductivity."

Polyacetal has been used in different joints, but
also as heart valve replacements. While it is a well-
known engineering polymer and has been applied
previously in orthopaedic implants (in e.g., hip and
knee prostheses), there is little data on the effect of
long-term exposure to the physiological environment
on its mechanical properties.'*'> Moore et al.,'® sug-
gested the possibility of using polyacetal instead of
metal for the femoral component of knee prosthesis.
Polyacetal homopolymer has also been used as the
occluder disc of the Bjork-Shiley Delrin® (BSD) heart
valve.'” Moreover, POM has been used for more than
two decades in dentistry as a substitute for acrylic res-
ins and metals in many prosthetic applications. Cyto-
toxicity studies and intracutaneous reactivity studies
of pedodontic POM crowns were performed at
NAMSA (Northwood, OH), and the results showed,
under the conditions of these studies, no evidence of
cytotoxicity or allergenic reactions.'®

In this work it is reported on novel POM/hy-
droxyapatite nanocomposites for bone long-term
implants that have been obtained using melt proc-
essing technique.

EXPERIMENTAL
Materials and processing

A commercial grade of POM homopolymer
(Delrin®), with melt flow rate (MFR 190/2.16, ISO
1133) of 2.4 g/10 min, was supplied by Du Pont.
Hydroxyapatite Ca;o(PO4)sOH, nanopowder with a
nanoparticle size below 100 nm (99% of particles)
was product of nGimat (Atlanta, USA).

POM and POM/HAp nanocomposites were pre-
pared by melt processing method. First, POM was

air-dried, and then the POM and HAp were mechani-
cally mixed (0, 0.5, 1.0, 2.5, 5, and 10.0% w/w of HAp)
and extruded in a double screw extruder (Thermo-
Haake PolyLab PTW 16/25) at a rotary speed of 50
rpm. The temperature profiles of the barrel were
212-220-220-215°C. Compositions were then shaped
by using DSM laboratory injection moulding machine.

Techniques

Microstructure and spectroscopic characterization

Scanning electron microscope (SEM) Phillips XL 30,
equipped with an energy dispersive X-ray analyser
(Link ISIS-EDX) was used to investigate the surface
morphology of carbon-coated samples at the energy
of the electron beam of 5 kV. WAXD measurements
were performed using Philips X'Pert Pro MD diffrac-
tometer. Radiation used was Cu Kal line monochom-
atized by Ge(111) monochromator. Standard Bragg-
Brentano geometry with ©-20 setup was applied
(0.008° step size and 15°-60° 2H® range). All meas-
urements were performed at room temperature. IR
spectra of the samples were recorded at elevated tem-
peratures using a HATR PIKE attachment with ZnSe
crystal on a Bio-Rad FTS 165 Fourier transform infra-

red (FTIR) spectrometer at a resolution of 2 cm ™.

Thermal properties

For the DSC measurements Mettler-Toledo DSC
822e, operating in dynamic mode, was employed.
The conditions were: samples of about 5 mg, the
heating/cooling rate of 10 K min~"', atmosphere: ar-
gon, intracooler was used for cooling. As a lower
temperature limit the point of first deflection on the
DSC curve from the baseline level was assumed,
while as upper temperature limit the point where
the (heat flow) profile comes back to baseline was
taken (the first derivative curve is used to confirm
the temperature range, too). To calculate the heat of
melting of polymer matrix, the normalized enthalpy
of melting of nanocomposites was divided by weight
fraction of POM in nanocomposite. Thermogravimet-
ric analysis was performed on a Netzsch TG 209
thermal analyzer, operating in a dynamic mode at a
heating rate of 10 K min~'. The conditions were:
sample weight, about 5 mg; atmosphere, argon;
open a-Al,O; pan.

Tensile testing

Mechanical tests were carried out using a Zwick
machine in the tensile mode at upper crosshead
speed of 50 mm min ' at ambient temperature
according to PN-EN ISO 527. Tensile specimens
according to PN-EN ISO 3167 with thickness 1.53 =
0.02 mm and width 491 = 0.01 mm were applied.
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Young’s modulus of the samples was determined
from the slope of the stress-strain function at its lin-
ear part. The yield strength was determined from
the upper yield point and the fracture strain was the
elongation at break from the tensile curve. The
reported mechanical properties were calculated by
averaging measurements of three specimens.

In vitro evaluation

POM an POM/HAp nanocomposite specimens were
immersed in a simulated body fluid (SBF) at 37°C
for 3 and 7 days. After soaking, the specimens were
removed from the SBF, gently rinsed with distilled
water and dried." After SBF immersion, the sample
surface was examined by SEM-EDX.

Moreover, POM and POM/10,0% HAp samples
were incubated at the temperature of 70°C according
to EN ISO 10993-13 during 41 weeks in the Ringer
fluid, made by Baxter Terpol (biological environ-
ment simulation) and distilled water. The pH, con-
ductivity and the mass change were measured dur-
ing incubation.

RESULTS AND DISCUSSIONS
Structure and morphology

POM has a hexagonal unit cell with unit cell dimen-
sions of # = b = 4.45 A and ¢ = 17.3 A.* The molec-
ular chains are arranged in a 9/5 helix where a and
b axes are on the same plane and the chains are
aligned parallel to the c axis of the crystal.”! For
POM, the calculated positions of the peaks in the 20
scan are 22.9°, 34.6°, 48.4°, and 54.1° for diffraction
planes having Miller indices (100), (105), (115), and
(205), respectively.”*** The X-ray diffraction patterns
for POM and POM/HAp nanocomposites are shown
in Figure 1.

No shift in 20 for pure POM and POM with hy-
droxyapatite was observed, indicating that the addi-
tion of HAp does not change the hexagonal system
of POM.** Figure 7(b) shows the 20 vs. scattering in-
tensity plots from the (100) plane for POM and
POM/HAp nanocomposites after injection mould-
ing. The intensity of the reflections from the (100)
plane changes with the HAp content in samples
because of the change in the degree of crystallin-
ity.®?** The highest intensity was observed for
POM/0.5% HAp, lower intensities were observed
for POM and POM/1% HAp, and for other samples
with an increase of HAp content intensity of the
peak decreased—it stay in good agreement with
DSC results.

Another point to be discussed is a complex mor-
phology of POM and its nanocomposites, with
extended chain crystal (ECC) and folded chain crys-
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Figure 1 WAXD diffraction patterns of POM and POM/
HAp nanocomposites.

tal (FCC) structures. FCC of POM was found in the
dilute solutions at an early stage of discovery of
polymer single crystals,***”*® whereby ECC of POM
was found as a product of cationic polymerization
of trioxane.”” Shish-kebab structure or a hybrid
structure of ECC and FCC was also observed for the
oriented overgrowth crystallization of the molten
POM on the needle-shaped POM single crystal.*
The morphology of POM depends very much on the
sample preparation conditions. The infrared spectra
of POM are known to be highly sensitive to the mor-
phology of the crystallites, and for example, Shimo-
mura and Iguchi® ™ discovered a remarkable differ-
ence in the infrared spectra between ECC and FCC.
POM samples prepared by cooling the melt exhibits
the ECC bands more clearly, allowing to speculate
that the POM sample crystallized from the melt is a
mixture of ECC and FCC in a complicated manner.
In the cooling process from the melt, Hama and
Tashiro found that the infrared bands characteristic
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Figure 2 FTIR-ATR spectra of POM and POM/HAp
nanocomposites.

of folded chain crystal (FCC) morphology appeared
around 156°C, followed by a gradual increase of
infrared bands of extended chain crystal (ECC)
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around 140°C.3*3° Moreover, they found that the la-
mellar stacking structure formed during primary
crystallization becomes tighter during secondary
crystallization by a generation of second lamellae in
between the original lamellae—so-called lamellar
insertion model was adopted here as the most possi-
ble structure model of POM sample crystallized
from the melt. Moreover, they speculated, the fully
extended chains may be produced by applying ten-
sile or shear stress along the chain axis during the
crystallization process.** Figure 2 shows infrared
spectra taken for the POM and POM/HAp
nanocomposites.

Characteristic bands both for ECC and FCC were
observed in spectral profiles of POM and POM/
HAp nanocomposites, but no significant differences
in shape of spectral profiles between pure POM and
POM/HAp nanocomposites. It means that in nano-
composite samples POM also crystallize as FCC and
ECC. The fracture surfaces of POM and POM/HAp
nanocomposites are presented in Figure 3.

It is believed that voids appear to be concentrated
within this spherulitic structure, leading to the

Figure 3 SEM microphotographs of fractured surfaces of POM (a—c), POM/0,5% HAp (d-f), and POM /5% HAp (g-i).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 TG and DTG curves of pure POM and POM/
HAp nanocomposites.

hypothesis that the crack path is inside the spheru-
lites, and that cavitation occurs in the amorphous
regions of the spherulite. As in rubber toughened
polymers, yielding at room temperature in bulk
POM is accompanied by extensive cavitation and
stress whitening. Such cavitation processes enable
attainment of high elongations at break without
necking in tensile tests. Voiding in POM involves
entanglement loss due to chain cutting. This may
lead to a decrease in the density of tie molecules
that interconnect the crystalline regions and, conse-
quently, to a decrease of the load carrying capacity
of the material.*” The most smooth surface with the
smallest voids of fractured sample was revealed for
pure POM. It can be associated with lack of nucleat-

PIELICHOWSKA

ing agents in the sample—it leads to homogeneous
nucleation, formation of smaller amount of primary
nuclei, and formation of larger and more perfect
spherulitic structures. In spite of higher degree of
crystallinity for POM/0.5% HAp sample, the larger
amounts of voids were observed in this nanocompo-
site than for pure POM. In POM/HAp nanocompo-
sites with low HAp concentraction, HAp can act as
nucleating agent for POM and during POM crystalli-
zation it can be observed for both homogeneous and
heterogeneous nucleation as well as more rapid
POM crystallization—it leads to formation of larger
amounts of spherulites which are, however, less per-
fect. During fracture of such a structure larger
amount of voids is produced.

Thermal properties

Polyoxymethylene homopolymer is inherently unsta-
ble polymer because it degrades by depolymeriza-
tion starting at the chain end on thermal unstable
hydroxyl groups. Since the ceiling temperature is
lower than the decomposition temperature, depoly-
merization is the main damage mechanism during
thermal or thermomechanical loading of this poly-
mer. Since the main chain of POM is composed of
—CH,—O— bonds, the methyl oxide bonds are easy
to break under heat and oxygen; they are also sensi-
tive toward bases and acids, and this breakage
results in a continuous depolymerization reaction.
The formaldehyde (FA) and formic acid from the
oxidized formaldehyde can accelerate such a reac-
tion, according to “zipper” mechanism.*® Thermal
stability features POM and POM/HAp nanocompo-
sites, prepared in the course of this work, are shown
in Figure 4 and Table 1.

Analysis of TG results indicates significantly lower
thermal stability of POM/HAp nanocomposites in
comparison to pure POM. Thermal stability of
POM/HAp nanocomposites depends on content of
HAp—with increase of HAp content thermal stabil-
ity decreases. It should be noted that thermal stabil-
ity only slightly decreases for POM/0.5% HAp and

TABLE I
TG Results for POM and POM/HAp Nanocomposites

Char residue

Sample Ti9, (°C) T3y, (°C) Tsq, (°C) Tig9 (°C) Tage, (°C) Ts09 (°C) TorGmax (°C) at 400°C (%)
POM 240.5 254.8 259.1 265.6 275.3 295.4 300.4 2.64
POM/0.5% HAp 243.2 255.3 259.0 264.7 271.8 284.3 283.8 0.67

289.4
POM/1.0% HAp 241.2 256.0 259.3 263.9 270.2 285.0 293.1 1.0
POM/2.5% HAp 204.6 233.7 243.8 253.9 261.9 275.8 285.6 24
POM/5.0% HAp 190.4 212.8 226.4 241.0 254.6 271.8 268.3 43
280.3
POM/10.0% HAp 181.2 194.8 205.9 225.4 240.4 264.2 268.4 6.5

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1I

Temperature and Heat of Melting and Crystallization of POM and POM/HAp
Nanocomposites Measured During First Heating, Cooling and Second Heating Cycles

Heat of phase

2239

Sample Tonset (°C) Tinax (°C) Tena (°C) transition (J g~')
Melting 1st run
POM 141,08 178,2 187,14 165,29
182,3
POM/0.5% HAp 164,02 1771 189,08 166,73
184,0
POM/1.0% HAp 168,73 177,6 187,98 167,93
182,7
POM/2.5% HAp 163,24 178,2 188,65 150,47
183,4
POM/5.0% HAp 177,98 178,9 187,85 127,66
183,3
POM/10.0% HAp Degradation during measurement
Crystallization
POM 153,93 148,53 138,17 173,69
POM/0.5% HAp 154,17 149,70 139,23 180,29
POM/1.0% HAp 154,17 148,56 139,09 180,98
POM/2.5% HAp 153,86 151,02 138,04 193,87
POM/5.0% HAp 154,99 153,35 147,32 181,63
POM/10.0% HAp Degradation
Melting 2nd run
POM 169,08 181,47 189,55 184,35
POM/0.5% HAp 169,53 181,63 190,37 188,71
POM/1.0% HAp 169,27 182,16 190,90 190,22
POM/2.5% HAp 170,47 177,91 189,01 164,04
POM/5.0% HAp 172,27 177,05 182,51 148,64
POM/10.0% HAp Degradation
POM/1.0% HAp while for higher HAp concentra- .
tion the thermal stability decreases violently. The — POMIO5% Hap
reason of lower thermal stability of POM homopoly-  Pourz 5% v ’
mer in POM/HAp nanocomposites is high sensitiv- T
ity of main chain in POM homopolymer on base = =
attack under heating. Hydroxyapatite with general Bl
formula [Cayo(PO4)¢(OH),] can be also presented as E:
3Ca3(POy),-Ca(OH),—a structure that contains cal-
cium hydroxide. Moreover, nanosized HAp particles -~ =—
with large surface area are more reactive at elevated
temperature than micrometer-size HAp. Results of
DSC investigations of POM and POM/HAp nano-
. R R 80 100 120 1 160 180
composites are presented in Table II and Figure 5. Temperature ['C]
DSC results from the first heating run are strongly
influenced by processing conditions (rapid cooling
during injection moulding) that affect the structure
and thermal properties of POM and its nanocompo- =
sites with HAp. For the first heating run during : ) o
melting two maxima have been observed: the first <
one at ~ 178°C, and the second one at ~ 183°C. Sim- =
ilar effect in POM I;;)mopolymer was also observed -, I
by Bershtein et al.”™ at lower heating rates. They — POMI1.0% HAp
. i — POMI2.5% HAp
observed double melting peak under different heat- POMIS. 0% HAD
. . POM/10.0% HAp
ing rates, and the height and temperature of the
new, second peak increased with decreasing a heat- 80 100 120 0 180 180 200

ing rate. This effect was attributed to reorganization
or/and recrystallization processes occurring in POM
crystallites, which under certain conditions are

Temperature [°C]

Figure 5 DSC profiles of POM/HAp nanocomposites: (a)
first heating run and cooling, (b) second heating run.
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Figure 6 The variation of lamellar thickness for POM
and POM/HAp nanocomposites.

metastable, as it was noted earlier.”?> On the other
hand, Badrinarayanan et al.*’ investigated by rapid
scanning rate DSC the effect of isothermal annealing
times for poly(lactic acid) quenched from the melt
(melt crystallization) and heated from the glassy
state (cold crystallization) on the crystallization
behavior. They observed that for both melt and cold
crystallization, multiple melting behaviors at a heat-
ing rate of 500°C min~' (in spite of any evidence of
recrystallization during heating) occurred and sug-
gested that the melt recrystallization theory does not
offer a complete explanation of the phenomenon.

In view of these observations, double melting
peak for POM could origin from its complex mor-
phology, too. It includes extended chain crystal
(ECC) and folded chain crystal (FCC) structures
with different lamellar thickness (as it was described
in Structure and Morphology section).

At the next stage, the lamellar thickness [ of the
samples was calculated using Gibbs-Thomson equa-

tion*142;
20
— 7o _£re
Tm =T (1 Ahol>

where T9 is the equilibrium melting temperature,
Ahy is thermodynamic enthalpy of fusion per unit
volume of the crystalline phase, and o, is the free
surface energy of the end faces lamellar that is asso-
ciated with the crystallization process. The values of
TV, Ahg, and o, for POM assumed in the above
equation for calculating the lamellar thickness were
200°C,* 380 x 10° J m3* and 0.125 ] m 2%
respectively.

The calculated lamellar thickness for POM and its
nanocomposites during first and second heating run
are shown in Figure 6.

For the first heating run, the largest difference in
calculated lamellar thickness for the first and second
melting maximum has been observed for POM/0.5%

Journal of Applied Polymer Science DOI 10.1002/app
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HAp sample—13.6 and 19.5 nm, respectively, while
for pure POM | was 14.3 and 17.6 nm, respectively.
For higher HAp concentration, an increase of HAp
content in POM nanocomposites caused an increase
of lamellar thickness for the first maximum and a
decrease of lamellar thickness for the second maxi-
mum. For the second heating run (with only one
maximum on DSC curves) lamellar thickness
increased with an increase of HAp content up to
1.0%, and then decreased. This effect can be attrib-
uted to the formation of metastable crystallites dur-
ing rapid cooling in injection mould. They show dif-
ferent  lammellar  thickness and  undergo
recrystallization during melting. After cooling at
lower rate (10 K min~') more uniform crystals with
similar melting temperatures are formed as it can be
observed for the second heating run.

The degree of crystallinity (X.) was calculated
using the formula

AH,,

_AH-AH,
~ AHY,

X =
¢ AHS,

where AH?—heat of melting of 100% crystalline
polymer (326.3 J g~ for POM),*® AH,,—heat of melt-
ing of polymer under investigation determined by
DSC. X, values of investigated samples after first
and second heating run are presented in Table IIL
Both for first and second heating run it can be
observed that the degree of crystallinity increases
with an increase of HAp content up to 1.0% and
next decreases with an increase of HAp content.
HAp nanoparticles up to 1.0% content act as effec-
tive nucleating sites, whereby for higher HAp con-
centrations the nanofiller act as impurity and hinder
POM crystallization. It also should be noted that
higher degree of crystallinity was observed for the
second heating run—it confirms previous

TABLE III

Heat of Melting and Degree of Crystallinity of Pristine
POM and POM in POM/HAp Nanocomposites

POM heat of

melting (J gfl)

Degree of

Sample crystallinity (%)

Melting 1st run

POM 165.29 50.66
POM/0.5% HAp 167.57 51.35
POM/1.0% HAp 169.63 51.98
POM/2.5% HAp 154.33 47.30
POM/5.0% HAp 134.38 41.18
POM/10.0% HAp Degradation -
Melting 2nd run

POM 184.35 56.50
POM/0.5% HAp 189.66 58.12
POM/1.0% HAp 192.14 58.88
POM/2.5% HAp 168.25 51.56
POM/5.0% HAp 156.46 47.95
POM/10.0% HAp Degradation -
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Figure 7 Tensile properties of POM and POM/HAp nanocomposites.
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Figure 8 SEM microphotographs and EDX analysis after 7 days of incubation in SBF: POM (a), POM/0.5% HAp (b),
POM/5.0% Hap (c).



2242

observation that in injection moulding conditions a
fraction of metastable crystallites as well as large
amount of amorphous phase are formed.

Tensile properties

A typical group of stress-strain curves and the
changes in mechanical properties of POM and
POM/HAp nanocomposites as a function of hy-
droxyapatite concentration are shown in Figure 7.

It can be seen that, Young’s modulus increases
with increasing hydroxyapatite concentration, elon-
gation at break decreases with increasing HAp con-
centration and tensile strength decreases slightly
with HAp concentration. The change in mechanical
properties is the result of the changes in crystal size
owing to the existence of the nucleating agent HAp
and changes in samples morphology. It should be
noted that between samples with the highest degree
of crystallinity (POM, POM/0.5% HAp and POM/
1.0% HAp) and with lowest crystallinity (POM/2.5%
HAp, POM/5.0% HAp and POM/10.0% HAp) sig-
nificant jump in mechanical properties has been
observed. Samples with highest degree of crystallin-
ity have lower Young’s modulus and higher elonga-
tion at break. Moreover, during tensile tests whiten-
ing and elongations at break without necking for all
samples was observed.

In vitro evaluation

In vitro evaluation is a fundamental procedure to
assess the bioactivity and biostability of tested syn-
thetic material. POM, POM/0.5% HAp and POM/
5.0% HAp have been immersed in SBF for 7 days,
and then the sufrace morphology analyzed by SEM-
EDX - Figure 8.

Figure 8(a) shows the surface morphology of pure
POM and results of average EDX analysis of the
sample surface after 7 days immersion in SBF—the
results of EDX analysis show that pure POM in an
inert material in SBF and it does not induce HAp
formation, but induce formation chlorides, which is
an unfavourable effect. Figure 8(b,c) show the sur-
face morphology and results of average EDX analy-
sis of POM/0.5% HAp and POM/5.0% HAp after 7-
day immersion. The obtained results confirmed bio-
activity of POM/5.0% HAp sample—it can be seen
formation of apatite layer on the surface, while for
POM/0.5% HAp formation both apatie and chloride
layer. The largest intensity of peaks from apatites in
EDX results was observed for POM/5.0% HAp—
with an increase of HAp content in nanocomposites,
their bioactivity and formation of apatite layer
increase and, formation of chlorides on the sample
surface decreases.
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Figure 9 pH changes of distilled water and Ringer solu-
tion as a function of incubation time of POM and POM/
10.0% HAp samples.

In vitro stability of POM and POM/10.0% HAp
samples was determined on the basis of pH varia-
tions of distilled water and Ringer solution, and
mass changes of the samples during POM and POM
nanocomposite incubation at the temperature 70°C
during 41 weeks (according to EN ISO 10933—an
accelerated degradation test as a screening method).
Time of incubation was elongated to 9 months (usu-
ally for accelerated method time of incubation is 60
days) for confirmation good long-term stability of
POM even at elevated temperature—Figure 9.

Figure 9 shows the lack of significant pH changes
both of water and Ringer solution during incubation
of the POM-based materials. It was also observed no
significant difference in in vitro behavior between
pure POM and POM/10.0% HAp nanocomposite.
Moreover, mass of the samples did not change after
incubation. The obtained results confirmed very
good in vitro stability of POM and POM/HAp
nanocomposites.

CONCLUSIONS

Novel POM/HAp nanocomposites for bone long-
term implants have been obtained by melt process-
ing technique. The highest melting temperature and
degree of crystallinity were found by DSC method
for POM/0.5% HAp. In these composites HAp
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nanoparticles act as effective nucleating sites. More-
over, no shift in 20 for pure POM and POM with hy-
droxyapatite was observed, indicating that the addi-
tion of HAp does not change the hexagonal system
of POM. Young’'s modulus was found to increase
with HAp concentration, whereby longation at break
and tensile strength decrease with higher HAp con-
tent. The in vitro evaluation shows that addition of
HAp to POM matrix improve bioactivity of the
nanocomposites and after 41 weeks of incubation no
changes in nanocomposites’ mass have been
observed, confirming very good in vitro stability of
POM/HAp nanomaterials.
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