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Abstract

The thermal and crystalline behaviour of nano-hydroxyapatite (n-HA) reinforced polyamide 66 (PA66) biocomposites was
studied by thermogravimetry (TG) and differential scanning calorimetry (DSC). The thermal properties of PA66 and n-HA/PA66
composites were analysed by TG. The effect of hydroxyapatite on the melting and crystallization of PA66 was evaluated by DSC.
DSC measurements exhibited an increase in the crystallization temperature, however, decrease in crystallinity with the addition of
n-HA to the PA66 matrix, which was attributed to the hydrogen bonds between the n-HA surface and polyamide 66 molecules. With
increase of n-HA content, the melting peak of the PA66 component shifted to higher temperature, suggesting constrained melting.
The addition of n-HA to PA66 played the role of nucleating agent and enhanced the crystallization rate. Non-isothermal parameter
a measured by Liu method varies from 1.13 to 1.18, from 1.02 to 1.07, and from 1.18 to 1.21 for PA66, 30 wt% n-HA/PA66 and

40 wt% n-HA/PAG6, respectively, and the values of K7 systematically increase with rise in relative degree of crystallinity.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) has been
used for orthopaedic/dental implants because of its
similar chemical composition and structure to the
mineral phase of human bone, and it can promote
sufficient new bone formation for the firm attachment of
juxtaposed bone. However, due to low fracture tough-
ness, HA cannot serve as a bulk implant material under
high physiological loading conditions. Therefore, de-
velopment of biocomposites with good mechanical
properties, excellent bioactivity and biocompatibility
similar to natural bone to meet the need of hard tissue
repair has been a hot topic for over 30 years. To obtain
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an advanced mechanical performance of the bioactive
composite, bioceramic particles were usually incorpo-
rated into the polymer matrix using conventional
plastics processing technology [1—8].

n-HA/PA66 biocomposites for load bearing bone
repair were first prepared by a group led by Yubao Li
and coworkers [9—11]. In the composite, n-HA nano
crystals can keep their nano grade dispersion in the
PA66 matrix and the content of n-HA can reach
65 wt%. The bending strength, tensile strength and
compressive strength of the composite with 64.25 wt%
n-HA are 95, 79 and 117 MPa, respectively, which are
close to natural bone (80—100, 60—120, 50—140 MPa,
respectively [12]), and the elastic modulus of this
composite is 5.6 GPa. However, the elastic modulus of
bioceramics and medical metals is much higher (70—
300 GPa) than that of the natural bone (3—25 GPa) and
this often causes stress stimulation or shielding effect,
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resulting in bone resorption and loosening of implants
[13,14]. Therefore, the mechanical properties of n-HA/
PAG66 composite can match well to that of human bone.
Animal and clinical experiments have proved that the
composite has good compatibility to bone and can bond
to bone directly.

Thermal analysis is an important analytical method
in understanding the structure—property relationships
and mastering the technology for molecular design and
industrial production of different polymeric materials,
especially inorganic reinforced polymeric composites.
Moreover, it is a useful technique to determine the
thermal stability of the materials. In addition, it is
possible to quantify the amount of moisture and
volatiles present, which will weaken the physical and
chemical property of composites. One of the accepted
methods for studying the thermal property of polymeric
materials is thermogravimetry (TG). Thermogravimetric
data indicate a number of stages of thermal breakdown,
weight loss of the material in each stage, threshold
temperature, etc. [15]. Both TG and derivative thermo-
gravimetry (DTG) will provide information about the
nature and extent of degradation of the material. In
differential scanning calorimetry (DSC), the heat flow
rate associated with a thermal event can be measured as
a function of time and temperature allowing one to
obtain quantitative information about melting and
phase transitions of the composite system.

The chemical and physical properties of polymer
materials and polymeric matrix composites are mainly
influenced by their thermal stability and crystallization
behaviour. Thermal analysis studies of polyamide
layered silicate nanocomposites (PLSN) have been
carried out extensively [16—18]. Till now, no study has
been made on the thermal and crystallization behaviour
of n-HA/PA66 biocomposites. The aim of this work is
to study the crystallization and thermal behaviour of
n-HA reinforced polyamide 66 biocomposites, by means
of TG, DTG and DSC.

2. Experimental
2.1. Materials

Polyamide 66 (PA66) with a viscosity-average
molecular weight (M,) of 18 kDa was from BASF,
Germany. The slurry of nano-hydroxyapatite (n-HA)
crystals used for compounding was prepared by our
laboratory.

2.2. Preparation of n-HA|/PAG66 composites
The preparation of n-HA/PA66 composites was given

in Ref. [11]. The slurry of n-HA was added in
N,N-dimethyl acetamide (DMAc) by stirring at the

temperature of 140 °C, then PA66 was added into the
solution, keeping the temperature at 140 °C for 4 h till
PA66 was dissolved completely. When the reaction
ended, the co-precipitation mixture was set for 24 h at
room temperature, then fully washed by deionized water
and ethanol. The obtained n-HA/PA66 composite was
dried in a vacuum oven at 80 °C for 48 h.

Samples of pure PA66 and n-HA/PA66 for TG and
DSC measurements were ground into powder.

2.3. Thermogravimetric analysis

TG and DTG were carried out using PE DT-40
instrument, in a nitrogen atmosphere at a heating rate of
10 °C/min. Samples used for testing contained 9—10 mg
of material. The scanning temperature scope was from
20—800 °C. The samples of polyamide 66 with and
without n-HA were heated at 80 °C for 72 h to eliminate
the humidity of the samples.

2.4. Crystallization behaviour analysis

The melting and crystallization behaviour of n-HA/
PA66 composites was studied using a Netzsch-Phoenix
differential scanning calorimeter (DSC) in a nitrogen
atmosphere. The melting samples were kept at 290 °C
for 5min to ecliminate heating history before cooling.
Samples for testing contained about 10 mg of material.
Again, the samples of polyamide 66 with and without
n-HA were heated at 80 °C for 72 h to eliminate the
humidity of the samples.

3. Results and discussion
3.1. Thermogravimetric analysis

Thermogravimetric curves of n-HA, PA66 and n-HA/
PA66 composites containing 35 wt% n-HA are shown in
Fig. 1. The temperature range used for the analysis is
20—800 °C. For HA (Fig. 2), dehydration occurs in the
whole temperature range of 35—800 °C and most of the
water is vaporized in the temperature range of 145—
620 °C. PA66 starts to decompose at a temperature of
361 °C. Fig. 1 reveals that n-HA/PA66 degrades at
higher temperature than does the PA66, i.e. the thermal
stability of the composite is higher. The increased
stability of the composite compared to PA66 may result
from the hydrogen bonds between n-HA and PA66
matrix, which strengthens the interfacial action between
PA66 macromolecules [11]. Fig. 2 shows that TG curve
of n-HA can be divided into three stages. Stage 1 (35—
145 °C) corresponds to the vaporization of adsorbed
water on the surface of n-HA, stage 2 (145—620 °C) is
due to the vaporization of the water of crystallization of
hydroxyapatite, and stage 3 (620—800 °C) is probably
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Fig. 1. The TG curves of PA66 (a), 35 wt% n-HA/PA66 (b) and
n-HA (c).

due to the breakage of CO3 and HPO; in n-HA[I9].
Fig. 3 shows the effect of n-HA content on thermal
stability of n-HA/PA66 composites. It is found from
Fig. 3 that the thermal stability of the composites is
improved with the increase of n-HA content, however,
the temperature range of degradation becomes narrower.
DTG curves also give the same evidence (Fig. 4). From
Fig. 4, it is clear that the peaks in the case of n-HA/PA66
composites are shifted to higher temperature compared
to those of PA66, suggesting that the thermal stability of
the composites is higher than that of pure PA66 due to
n-HA—PAG66 matrix interactions. The thermal parame-
ters obtained from TG and DTG curves are given in
Table 1. This is associated with the interactions be-
tween hydroxyapatite and PA66 matrix, due to the
formation of hydrogen bonds between the amide group
(—NH—C=0) of PA66 and hydroxyl group (—OH) of
n-HA [9—11]. The possible chemical structures
of hydroxyapatite—polyamide 66 are given in Fig. 5.

3.2. Differential scanning calorimetry (DSC)
studies

3.2.1. The melting behaviour of PA66 and n-HA|PA66
Fig. 6 shows the curves for the melting of PA66 and
n-HA/PA66 composites. The DSC curve of PA66 shows
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Fig. 2. The TG curve of n-HA.
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Fig. 3. The effect of n-HA on TG curves for n-HA/PAG66 bio-
composites.

two melting peaks with peak maximum temperature at
232 °C and 265 °C, respectively, however, the n-HA/
PA66 composites show only one melting peak. The first
melting peak of PA66 corresponds to its Brill transition
due to the movement between the crystal sheets in PA66
[20]. For n-HA/PA66 composites, no Brill transitions
are observed, probably because the interactions between
PA66 molecules and n-HA particles will block the
movement of PA66 crystal sheets.

Fig. 7 shows the DSC curves for the crystallization
behaviour of PA66 and n-HA/PA66 composites with
different content of n-HA at a cooling rate of 10 °C min.
The values of the temperature for initial crystallization
(Te), temperature for maximum crystallization (7 max),
time for half crystallization (¢,»), heat for crystallization
(AH.) and the degree of crystallization (X.) of PA66 and
n-HA/PA66 composites are listed in Table 2. The degree
of crystallization of the PA66 component was de-
termined by using the following relationship:

X.%=AH.X100/AH’ (1)

where X.—degree of crystallization of PA66 component,
A H’—heat of crystallization for 100% crystalline PA66,
which is 188 J/g [21], AH.—heat of crystallization for
PA66 and n-HA/PA66 composites.
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Fig. 4. The DTG curves of PA66 and its composites.
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Table 1
Thermal properties of PA66 and n-HA/PA66 composites from TG and
DTG curves

n—HA/PA66 Ti Tf AT = Tf — ﬂ Tmux
(Wt%) (°O) (°0) (°0) (°0)
0/100 351 502 151 424
35/65 369 482 113 432
40/60 375 476 101 448
55/45 378 468 90 452

It clearly shows from Table 2 that: (1) T and T max
of the composites are 5—6 °C and 9—10 °C higher
than those of PAG66, respectively. This is because
the hydrogen bonds between PA66 and n-HA limit the
rearrangement of PA66 molecules, resulting in the
increase of the crystallinity temperature of PA66 in
composites; (2) with the increase of n-HA in composites,
the degree of crystallization of PA66 decreases, in-
dicating that the addition of n-HA to PA66 matrix
weakens the crystallizing capacity of PA66, because
increasing the content of n-HA in the PA66 matrix will
enhance the melt viscosity of composites, and the higher
the melt viscosity, the harder it is for the PAG66
macromolecules to rearrange regularly to form crystals.
(3) t12 of PA66 is higher than those of composites, i.e.
the crystallizing rate of the former is slower than those of
the latter. The reason is that n-HA crystals in PA66 play
a role as nucleating agents and enhance the crystalliza-
tion growth rate. However, the ratio of n-HA in the
composites has little effect on the crystallizing rate of
PA66 component in the composites.

3.2.2. Non-isothermal crystallization behaviour
of PA66 and n-HA|PAG66 composites

Non-isothermal crystallization studies were carried
out by heating to 280 °C and holding for 5 min prior to
cooling. Figs. 8—10 compares DSC cooling curves for
PA66 and n-HA/PA66 composites at different cooling
rate. The composites have higher crystallization tem-
perature and narrower peak width than PA66 at the
same cooling rate. The higher crystallization tempera-
ture results from the increased crystallization rate
arising from thermal and stress histories that remain
after melting. Evidence of such effects has been reported
by Khanna et al. [22—25] and Aharoni [26]. The
crystallization temperature increased with the n-HA
content, indicating some destruction of stable crystal-
lites. However, introducing too many n-HA crystals to
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Fig. 5. The patterns of hydrogen bonds between n-HA and PAG66.
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Fig. 6. The DSC curves of PA66, 30 wt% n-HA/PA66 and 40 wt%
n-HA/PAG66 at the heating rate of 10 °C/min.

PA66 matrix will hinder chains mobility of PA66
macromolecules and, thus, retard crystal growth result-
ing in decreasing of degree of crystallization.

Various non-isothermal crystallization kinetic models
[29,30] have been developed based on the Avrami
equation [27]. The Avrami equation is an isothermal
model used universally to describe polymer crystalliza-
tion kinetics. The change in crystallinity with time can
be expressed as:

X.=1—exp(kt") (2)

where X, is the relative crystallinity at time ¢; n, the
Avrami index (crystal geometry information); and k, the
isothermal crystallization rate constant containing
the nucleation and growth rates. Eq. (2) can be
transformed into logarithmic form:

log[—In(1 — X;)]=logk+nlogt (3)

However, in many cases, isothermal models are exper-
imentally accessible only over a narrow temperature
range that is often well above that where crystallization
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Fig. 7. DSC curves of PA66 and n-HA/PA66 composites at the cooling
rate of 10 °C/min.
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Table 2

Thermodynamic parameters of polyamide 66 and its composites
Samples Tci Tc,max tl,’2 AHc Xc
n-HA/PAG66 (°C)  (°C) (min) /gy (%)
PA66 232 225 0.60 52.02 27.67
30 wt% n-HA/PAG66 238 235 0.54 44.07 23.44
40 wt% n-HA/PA66 237 234 0.53 43.10 22.92

occurs in processing [28]. Non-isothermal modelling is
therefore essential for the understanding of the crystal-
lization behaviour of a semicrystalline polymer.

Ozawa [29] derived a non-isothermal kinetics model
for the process of nucleation and its growth by
extending the Avrami equation. The kinetic analysis of
the thermoanalytical data of the process was applied to
DSC curves of crystallization obtained by cooling the
melt at constant rates. The following equation was
proposed:

log[—In(1 — X;)]=log K1) +mlog R (4)

where Ky is the cooling function for non-isothermal
crystallization at temperature 7, R is the cooling rate
and m is the Ozawa exponent depending on the
dimension of the crystal growth. Actually, Ozawa’s
equation has little application in process modelling
because a constant cooling rate is assumed and values of
relative crystallinities at a fixed temperature for different
cooling rates are required. Furthermore, the theory and
method of analysing thermoanalytical curves for the
process of nucleation and growth described by Ozawa
neglect the secondary crystallization that follows pri-
mary crystallization.

Considering the shortcomings of Ozawa and Avrami
equations, Liu et al. [30] built another model by
rearrangement at a given crystallinity X. on the basis
of Ozawa and Avrami equations for non-isothermal
kinetics as follows:

log R=log F(7y—alogt (5)

where F7) = [Kr/k]"" refers to the value of cooling
rate, which must be chosen within unit crystallization
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Fig. 8. DSC curves of PA 66 at different cooling rates.
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Fig. 9. DSC curves of 30 wt% n-HA/PA66 composites at different
cooling rates.

time when the measured system has to a certain degree
of crystallinity, a = n/m, the ratio of Avrami index n to
Ozawa index m. According to Eq. (5), at a given degree
of crystallinity, plotting log R vs. log ¢ (Fig. 11) yields
a linear relationship between log R and log . The kinetic
parameters Ky and a determined from the intercept
and slope of the lines are listed in Table 3 for PA66 and
n-HA/PA66 composites. It can be seen from Table 3
that the value of a for PA66 varies from 1.13 to 1.18,
from 1.02 to 1.07 for 30 wt% n-HA/PA66 and from 1.18
to 1.21 for 40 wt% n-HA/PAG66, and that the values of
K(r) systematically increase with the relative degree of
crystallinity. It is also obvious that for a certain relative
degree of crystallinity, the value of K7, for n-HA/PA66
is smaller than that for PA66, that is, amounting to same
relative degree of crystallinity, n-HA/PA66 requires
smaller cooling rate, which indicate that n-HA/PA66
crystallizes at a quicker rate than PA66. Obviously this
approach is successful in describing the non-isothermal
process of PA66 and n-HA/PA66 composites.

4. Conclusions

TGA and DSC analytical measurements were carried
out to study the thermal and crystallization behaviour of
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Fig. 10. DSC curves of 40 wt% n-HA/PA66 composites at different
cooling rates.
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Fig. 11. Curves of log R vs. log ¢ for different relative crystallization
degree for 30 wt% n-HA/PAG66 composite.

PA66 and n-HA/PA66 biocomposites with reference to
n-HA content. It was found that n-HA /PA66 compo-
sites degraded later than did pure PA66. Furthermore, it
was observed that the thermal stability of the n-HA/
PA66 composites was higher than that of PA66, which is
due to the hydrogen bonds between the amide group
(—NH—-C=0) of PA66 and hydroxyl group (—OH) of
n-HA. DSC investigations showed that the incorpora-
tion of n-HA into PA66 caused an apparent increase in
the T., however, a decrease in the percentage of
crystallinity. These effects can be attributed to the fact
that the hydroxyl groups on the surface of n-HA act as
nuclei for the crystallization of the polymer. A model
developed by Liu et al. was successful in describing the
non-isothermal crystallization of PA66 and n-HA/
PAG66. The values of a for PA66 and n-HA/PA66 com-
posites varied slightly, but the values of K systemat-
ically increased with increase of relative degree of
crystallinity. For a certain relative degree of crystallin-
ity, the value of K7y for n-HA/PA66 was smaller than
that for PA66. That is, amounting to same relative
degree of crystallinity, n-HA/PA66 required smaller

Table 3
Values of non-isothermal crystallization kinetic parameters for PA66
and n-HA/PA66 composites

Xc"0 F(T) a
PA66 20 12.6 1.1
40 15.5 1.1
60 18.6 1.2
80 229 1.2
30 wt% n-HA/PAG66 20 6.0 1.1
40 8.7 1.1
60 10.5 1.0
80 15.5 1.0
40 wt% n-HA/PA66 20 3.80 1.19
40 6.03 1.21
60 8.71 1.18
80 13.48 1.18

cooling rate, which indicated that n-HA/PA66 crystal-
lizes at a quicker rate than PA66.
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