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Abstract In the present work, the thermodegradative and morphological behavior

of composites of high-density polyethylene and surface-treated hydroxyapatite

(HDPE/HA) were studied. Composites were prepared with HDPE, 30 wt% of HA

and 2 phr of an ethylene–acrylic acid copolymer (20 wt% of acrylic acid) (EAA)

and melt-blended in an internal mixer at 160 �C and 50 rpm. Two sets of com-

posites filled with different surface-treated hydroxyapatite (STHA) were prepared:

one HA sample was pretreated with ethylene–acrylic acid copolymer (STHA1) and

the other one with acrylic acid (STHA2). Thermogravimetric analyses were carried

out to evaluate the thermal stability of the composites. The activation energies (Ea)

were determined using a numerical method based on the Invariant Kinetic Param-

eters (IKP). The thermal decomposition of the HDPE/HA composites showed an Ea

value of 330 kJ/mol. On the other hand, HDPE/HA/EAA and HDPE/STHA1

composites showed a sudden decrease in Ea (272 and 270 kJ/mol, respectively).

The HDPE/STHA2 composite exhibited an Ea value of 313 kJ/mol, slightly lower

than that of the HDPE/HA composite. Additionally, with the presence of EAA
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copolymer and acrylic acid in the composites, the nucleation and nucleus growth

kinetic-model probabilities decreased compared to those of the HDPE/HA com-

posite. However, there was an increase in the probability of the reaction order of the

model. This behavior could be attributed to the morphology of the composites and

to the addition of a less thermally stable component, i.e. EAA copolymer and acrylic

acid. On the other hand, due to the interaction polymer/surface-treated filler, an

increase in the Young Modulus and the tensile strength was observed.

Keywords Degradative behavior � Morphological behavior �
Invariant kinetic parameters (IKP) � HDPE/HA � Mechanical behavior �
Composites

Introduction

Polyolefins are materials with a wide range of applications due to their properties,

versatility and low cost. From the toy industry to complex engineering applications,

these materials have exhibited an outstanding performance. However, there are

many areas in which polyolefins are limited due to their mechanical properties. In

order to improve their performance, inorganic fillers are being used to reinforce

polyolefins. For instance, hydroxyapatite (HA)-filled high-density polyethylene

(HDPE) not only has shown improved mechanical properties but has also revealed a

potentially increasing performance as a biomaterial because of its resemblance with

bone physical properties [1–3].

Some works have reported the use of unsaturated monomers such as acrylic acid

(AA) in order to be grafted onto PE, promoting interfacial adhesion when HA is

employed as filler [4–6]. Wang and Bonfield [4] reported an increase in ductility and

tensile strength of AA-grafted HDPE composites filled with HA. Additionally,

Huang et al. [6] promoted HA biomineralization in the PE when grafted with AA,

improving the mechanical properties of the composite as well.

On the other hand, modeling the thermal decomposition of a composite allows us

to study the thermal stability of the HDPE/HA composite in order to elucidate how

the ethylene–acrylic acid (EAA) copolymer and AA are interacting with it.

Therefore, in the present work, the activation energy (Ea) of composites of HDPE

containing 30 wt% of HA was evaluated with and without the addition of an EAA

or of AA. The possible decomposition mechanisms and tensile properties were also

determined.

Experimental

A commercial HDPE supplied by Polinter (MFR = 5 dg/min, q = 0.94 g/cm3) was

used as the polymeric matrix. An ethylene–acrylic acid random block copolymer

(EAA) containing 20 wt% of acrylic acid and acrylic acid (AA) were supplied by

Sigma-Aldrich. Calcium hydroxide was purchased from Mallinckrodt and ammo-

nium phosphate was supplied by Fischer Scientific.

68 Polym. Bull. (2010) 64:67–79

123



Hydroxyapatite granules were prepared trough a precipitation reaction between

calcium hydroxide, Ca(OH)2, and ammonium phosphate (NH4)2HPO4 solutions,

according to a method described in the literature [7]. The resultant solutions were

centrifuged and washed with deionized water until neutral pH to finally being

vacuum dried at 65 �C for 48 h. Morphological studies of the synthesized HA were

carried out using a scanning electron microscope (SEM), Hitachi FE-5400. The

surface of the HA was coated with gold by the ionic deposition method. Figure 1

shows a micrograph of the synthesized HA.

Surface treatment with EAA copolymer

Hydroxyapatite surface treatment was carried out in solution, where 1 g of EAA

copolymer was dissolved during 20 min in 200 ml of decalin heated at 130 �C

under continuous stirring. After that period, the temperature was lowered to 80 �C.

Triethanolamine (TEA) was then added to the solution (1 ml) and left apart for

about 10 more minutes. The HA powder (about 15 g) was incorporated to that final

solution and the stirring was kept for another 20 min. The solution was washed with

ethanol and vacuum-filtered. The slurry was then vacuum-dried at 80 �C for 48 h in

order to remove the solvent. The resultant powder was prepared for compounding.

AA surface treatment

Initial conditions were similar to the above mentioned procedure. First, 0.5 mL of

AA were added to decalin at 80 �C and kept for 10 min. After that, 1 ml of TEA

was incorporated into the solution. The following steps were the same as those

described before.

Composites were prepared in a Rheomix internal mixer. High-density polyeth-

ylene was added to the mixing chamber at 160 �C and at a screw rate of 50 rpm.

Subsequently, 20 phr of EAA was added to the HDPE matrix in the HDPE/HA/

EAA composite. Untreated or treated HA addition at the corresponding amounts

followed, in order to have a concentration of 30 wt%. Then, the screw rate was

Fig. 1 SEM micrograph of the
synthesized HA
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increased to 90 rpm for 8 more min. Material codes for all the prepared samples can

be seen in Table 1.

Mechanical properties were determined in an Instron Universal Testing Machine

(model 4204) at 50 mm/min. The specimens were cut out from compression-molded

sheets and their dimensions followed ASTM-638 standard procedure. Each tensile

parameter reported represents an average of at least seven samples tested under

identical conditions.

Transmission electron microscopy (TEM) analyses were performed using a

Phillips CM10 microscope. Samples were prepared by ultramicrotomy without any

further conditioning.

Thermograms were obtained by thermogravimetric analysis (TGA) using a

Mettler-Toledo TGA/STDA851e thermal analyzer under the following conditions:

samples of 5–6 mg each were heated up to a temperature of 800 K under nitrogen

atmosphere at various heating rates (bi = 5, 10, 15 and 20 K/min). The thermal

kinetic parameters were determined by means of the Invariant Kinetic Parameters

(IKP) method [8–13].

Invariant Kinetic Parameters method: description

The IKP method is based on the decomposition rate (da/dt), which is equal to the

following equation:

da
dt
¼ k � f ðaÞ ð1Þ

where a is the degree of conversion and k = A 9 exp(-E/RT) according to the

Arrhenius law.

Eighteen apparent activation energies (Eiv) and pre-exponential factors (Aiv) are

determined employing the Coats–Redfern method [14]. The IKP method is based on

the principle of the compensation effect quite well reviewed in the literature. For

each function fj(a) proposed by the method, log(Aj) versus Ej was plotted. If a

compensation effect is observed, then a linear relationship is seen for each heating

rate bv, which is defined by the following expression:

Table 1 Material codes

Materials Code

High-density polyethylene with 30 wt% of untreated hydroxyapatite HDPE/HA

High-density polyethylene with 30 wt% of hydroxyapatite

and 2 phr of ethylene–acrylic acid copolymer containing

20 wt% of acrylic acid.

HDPE/HA/EAA

High-density polyethylene with 30 wt% of EAA-copolymer

surface-treated hydroxyapatite

HDPE/STHA1

High-density polyethylene with 30 wt% of AA-surface-treated

hydroxyapatite

HDPE/STHA2
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log Aiv ¼ Bv þ lvEjv ð2Þ

where Aiv and Ejv are the apparent pre-exponential factor and the activation energy,

respectively, calculated using a function fj(a) at bv. fj(a) is given in Table 2 for each

kinetic model. Also the values of the integral conversion function, gj(a), are shown

there [9].

Inappropriate assigning of the kinetic model function results in the distortion of

the kinetic parameters and in the false or superficial classification of the

compensation effect.

The values Bv and lv are calculated from the intercept and the slope of the straight

lines obtained by Eq. 2. Lesnikovich and Levchik [15, 16] and Levchik et al. [17]

discussed the significance of these values and demonstrated the following

relationships:

Bv ¼ logðkvÞ ð3Þ

lv ¼ ð2:3RTvÞ�1 ð4Þ

where kv is the rate constant of the system at the temperature Tv; these two

parameters are characteristics of the experimental conditions.

The curves log(kv) versus 1/Tv are plotted in order to calculate the intercept and

slope of this equation:

Table 2 Degradation functions used in the IKP method [8]

Kinetic model fj(a) gj(a) Observations

A 1
n 1� að Þ � ln 1� að Þð Þ1�n

(-ln(1 - a))n S1-n = 1/4

S2-n = 1/3

S3-n = 1/2

S4-n = 2/3

B (1 - a)n 1 - (1 - a) S6 Plane symmetry

2[1 - (1 - a)1/2] S7 Cylindrical symmetry

3[1 - (1 - a)1/3] S8 Spherical symmetry

C 1/2a-1 a2 S9 Plane symmetry

(-ln(1 - a))-1 (1 - a) ln (1 - a) ? a S10 Cylindrical symmetry

3/2[(1 - a)-1/3-1]-1 1 - 2/3a - (1 - a)2/3 S11 Spherical symmetry

3/2(1 - a)1/3[(1 - a)-1/3-1]-1 [(1-a)1/3-1]2 S18 Jander’s type

D (1/n)a1-n an(0 \ n \ 2) S12-n = 1/4

S13-n = 1/3

S14-n = 1/2

S17-n = 3/2

E (1 - a) -ln (1 - a) S5-n = 1

(1/n)(1 - a)1-n 1 - (1 - a)1/2 S15-n = 1/2

1 - (1 - a)1/3 S16-n = 1/3

A Nucleation and nucleus growth, B phase boundary reaction, C diffusion, D potential law, E reaction

order
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logðkvÞ ¼ logðAinvÞ � Einv=2:3RTv ð5Þ

which finally result in the values of the invariant activation energy (Einv) and the

pre-exponential factor (Ainv) of the evaluated sample.

Once the invariant kinetic parameters (Ainv and Einv) are obtained, the probability

of occurrence of the mechanisms shown in Table 2 is determined.

To do so, a statistical treatment [18] is carried out calculating the squared-

minima for each function fj(a) at each heating rate bv, through the following

expression:

ðn� 1ÞSj2
jv ¼

Xi¼n

i¼1

da
dT

� �

iv

�Ainv

bv

exp �Einv

RTiv

� �
fj aivð Þ

����

����
2

ð6Þ

The most probable function is chosen through the minimum average value Sj

defined by the following expression:

�Sj ¼
1

p

Xv¼p

v¼1

Sjv ð7Þ

where p is the number of heating rates.

The probability associated to each fj(a) function is calculated using the equation:

Fj ¼
�S2

j

�S2
min

ð8Þ

where S
2

min is the minimum average of the residual dispersion. This relationship

obeys a distribution F which equals:

qðFjÞ ¼
CðvÞ

C2ðv=2Þ
F
ðv=2Þ�1
j

ð1þ FjÞv
ð9Þ

where the number of degrees of freedom (n) for every dispersion equals the number

of heating rates used (p) and C is the gamma function.

The probabilities of the jth function are computed on the assumption that the

experimental data with L kinetic functions are described by a complete and

independent system of events:

Xj¼L

j¼1

Pj ¼ 1 ð10Þ

In this way, Pj can be obtained:

Pj ¼
q Fj

� �
Pj¼L

j¼1 q Fj

� � ð11Þ

with the employed L kinetic functions (Table 2).

The thermal behavior of a material depends on processes occurring in both the

condensed and gas phases and on the processes of heat and mass transfer. These

processes strongly depend on the mode of degradation on the material [19] (Fig. 2).
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Therefore, modeling the thermal degradation of a material is an important task

for the understanding of the mechanisms occurring in the condensed phase and the

degradation mode of the material can thus be deduced.

Results and discussion

To study the thermal stability of the composites, the IKP method was used [8–13].

Table 3 shows that those composites containing AA units display a decrease in the Einv

values. This fact is attributed to the lower activation energy of pure AA (170 kJ/mol),

as a consequence of the presence of carboxylic groups in its structure. Thus, a decrease

in the thermal stability of the composites is produced. The same tendency is displayed

by the composite containing only pure AA.

In general terms, Figs. 3, 4, 5 and 6 display that all composites unfold increased

probabilities for mechanisms given in Table 2, corresponding to the ‘‘reaction

order’’ kinetic model (S15 and S16), and mechanisms corresponding to the

‘‘nucleation and nucleus growth’’ kinetic model (S1, S2 and S3).

The variations observed, specifically in mechanisms S1, S2, S15 and S16, are

associated to diverse factors such as the formation of gases, the chemical nature of

the components of the composites, the chemical reactions that are produced and to

the presence of agglomerates and the dispersion of the HA in the HDPE matrix. This

Fig. 2 Thermal degradation: different mechanisms [19]

Table 3 Activation

energy determined by

IKP

Simple Ea (kJ/mol)

HDPE/HA 330.2

HDPE/HA/EAA 271.8

HDPE/STHA1 270.2

HDPE/STHA2 312.6
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is a consequence of the fact that the degradation of a polymeric material often

cannot be represented by a single function, but by a set of functions because of the

different processes which can occur during the degradation of the material in series

or in parallel.

Fig. 3 Probabilities of the HDPE/HA composite evaluated by IKP

Fig. 4 Probabilities of the HDPE/HA/EAA composite evaluated by IKP

Fig. 5 Probabilities of the HDPE/STHA1 composite evaluated by IKP

74 Polym. Bull. (2010) 64:67–79

123



Figure 4 shows that the addition of the EAA copolymer to the HDPE/HA

composite increases in 50% the probability of occurrence of the reaction

mechanisms corresponding to the kinetic models S15 and S16, being this increment

higher in those composites treated with triethanolamine (Figs. 5 and 6).

The decomposition mechanisms depend on the reactivity of the carboxylic group

in AA. Hence, it can be inferred that carboxylic groups are responsible for the

increased probability of mechanisms corresponding to the ‘‘reaction order’’ kinetic

model (S15, S16), which implies a high reactivity of this group in the HDPE/HA/

EAA, HDPE/STHA1 and HDPE/STHA2 composites.

When treatments with triethanolamine were performed, in HDPE/STHA1 and

HDPE/STHA2 composites, the probability of occurrence of mechanisms S15 and

S16 is significantly increased, when compared to that corresponding to HDPE/HA/

EAA. On the other hand, the HDPE/HA composite displays a higher probability

towards the kinetic mechanisms corresponding to kinetic models ‘‘nucleation and

nucleus growth’’ (S1, S2, S3).

The probable degradation functions fj(a) are presented in Fig. 7. The equation is:

f ðaÞ ¼
X18

j¼1

Pjð%ÞfjðajÞ ð12Þ

Composites HDPE/HA/EAA and HDPE/STHA1, which display the lower values

of Einv, unfold a slight maximum at conversions of 20 and 30%. This could indicate

that the mechanisms are accelerated as soon as the degradation initial stages are

over, resulting in low thermal stability composites. On the contrary, the behavior of

the HDPE/HA composite exhibits a plateau at the initial stages of the degradation,

which could imply that at conversions of up to 40%, the decomposition mechanisms

involved remain approximately constant. The HDPE/STHA2 composite displays an

initial decrease at low conversions. It is possible that the AA that did not react in the

pretreatment stage, is the responsible for the decreased values of the kinetic

functions associated to the initial stages of decomposition.

The morphology of the composites has a strong influence in the probability of

occurrence of the different decomposition mechanisms. In the HDPE/HA

Fig. 6 Probabilities of the HDPE/STHA2 composite evaluated by IKP
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composite, the morphology presented in Fig. 8 displays some agglomerates. Hence,

it is possible that some radical cluster could be formed at the interface, which could

initiate the decomposition process through the ‘‘nucleation and nucleus growth’’

kinetic models (S1, S2 and S3). This fact can be confirmed through the probability

values of this composite, when compared to those of the other composites.

On the contrary, HDPE/HA/EAA, HDPE/STHA1 and HDPE/STHA2 composites

display a better filler dispersion, which could imply a higher polymer–filler

interaction (Figs. 8, 9, 10). This can be seen in Figs. 9 and 10, where the distribution

of HA is more homogeneous and the nanoparticles are well dispersed in the polymer

matrix, specially in the composites where HA was previously surface treated HDPE/

Fig. 7 Degradation function versus degree of conversion. a HDPE/HA, b HDPE/STHA1, c HDPE/HA/
EAA, d HDPE/STHA2

Fig. 8 TEM micrograph of
HDPE/HA composite
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STHA1 and HDPE/STHA2 materials (Fig. 10a, b), implying that the groups present

at the interface significantly improved the interation with the matrix.

From Fig. 2, the degradation process in the polymer starts in the melt, where a

gas phase is formed, which, in addition to the radicals produced brings about the

mechanism of ‘‘nucleation and nucleus growth’’. This process can be altered when

the temperature increases and the carbonization of the polymer is produced. The

polymer contains macropores, which give way to the diffusion process correspond-

ing to the S9 and S10 kinetic models. But, due to the fact that this process is slow,

the associated probabilities are low. These probabilities decrease in composites

containing AA due to the reactivity of the carboxylic groups with the aqueous phase

Fig. 9 TEM micrograph of
HDPE/HA/EAA composite

Fig. 10 TEM micrographs of a HDPE/STHA1, and b HDPE/STHA2 composites
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formed in the melt, thus favoring the mechanisms corresponding to the ‘‘reaction

order’’ kinetic model (S15 and S16).

The different treatments improved the filler dispersion (Figs. 8, 9, 10), thus

improving the mechanical behavior of the composites. This is reflected in their

Young’s modulus values and tensile strength. A higher increase was obtained when

the HA was pretreated with triethanolamine (Table 4). However, no significant

changes were found in the values of elongation at break, despite the better

dispersion of the filler. This fact can be attributed to the absence of strong chemical

interactions between the phases.

Conclusions

– The IKP was useful in determining the more probable reaction mechanisms in

the degradation process of the studied composites. The HDPE/HA composite

displayed increased probabilities for mechanisms S1, S2, S3, and S15, S16,

corresponding to ‘‘nucleation and nucleus growth’’ and ‘‘reaction order’’ kinetic

models, respectively.

– On the contrary, the HDPE/HA/EAA, HDPE/STHA1 and HDPE/STHA2

composites displayed the higher probabilities for mechanisms S15 and S16,

decreasing those for mechanisms S1, S2 and S3.

– The morphology of the composites significantly influenced the probabilities of

occurrence of the different decomposition mechanisms proposed in the IKP

kinetic model.

– The Young’s modulus and tensile strength values increased due to increased

polymer-filler interactions, specially in those composites where the HA was

treated with triethanolamine.

References

1. Wang M, Porter D, Bonfield W (1994) Processing, characterisation, and evaluation of hydroxyapatite

reinforced polyethylene composites. Br Ceram Trans 93:91–95

2. Tanner KE, Downes RN, Bonfield W (1994) Clinical applications of hydroxyapatite reinforced

materials. Br Ceram Trans 93:104–107

Table 4 Mechanical properties of the composites

Samples Young’s modulus

(MPa)

Tensile strength

(MPa)

Elongation at break (%)

HDPE/HA 455 ± 21 19.49 ± 1.05 8.8 ± 1.0

HDPE/HA/EAA 520 ± 12 21.17 ± 0.45 9.4 ± 0.7

HDPE/STHA1 556 ± 1 22.47 ± 0.57 10.6 ± 1.0

HDPE/STHA2 558 ± 12 21.40 ± 0.61 11.4 ± 0.5

78 Polym. Bull. (2010) 64:67–79

123



3. Wang M, Berry C, Braden M, Bonfield W (1998) Young’s and shear moduli of ceramic particle filled

polyethylene. J Mater Sci Mater Med 9:621–624

4. Deb S, Wang M, Tanner KE, Bonfield W (1996) Hydroxyapatite–polyethylene composites: effect of

grafting and surface treatment of hydroxyapatite. J Mater Sci Mater Med 7:191–193

5. Wang M, Bonfield W (2001) Chemically coupled hydroxyapatite–polyethylene composites: structure

and properties. Biomaterials 22:1311–1320

6. Huang S, Zhou K, Zhu W, Huang B, Li Z (2006) Effects of in situ biomineralization on micro-

structural and mechanical properties of hydroxyapatite/polyethylene composites. J Appl Polym Sci

101:1842–1847
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