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Biocomposite formulations which have the potential to combine the proven mechanical
performance of poly(etheretherketone) (PEEK) with the inherent bioactivity of hydroxyapa-
tite (HA), may have a utility as load-bearing materials in a medical implant context. The effect
of thermal processing on the relevant properties of the PEEK and/or HA components in any
fabricated composite structure is, however, an important consideration for their effective
exploitation. This paper reports the results of a detailed thermal characterization study of a
series of PEEK/HA mixtures using thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC) and modulated differential scanning calorimetry (MDSC). The TGA
analyses show minimal weight loss for all of the mixtures and for a pure PEEK sample up to
&530 �C. Above this point there is a sharp on-set of decomposition for the PEEK component
in each case. The temperature at which this feature occurs varies for each mixture in the
approximate range 539±556 �C. This observation is supported by the presence of exotherms
in the corresponding DSC scans, in the same temperature region, which are also assigned to
PEEK decomposition. The temperature at which the degradation on-set occurs is found to
decrease with increasing HA contribution. The use of the modulated DSC technique allows a
number of important thermal events, not easily identi®able from the data obtained by the
conventional method, to be clearly observed. In particular, the glass transition temperature
�Tg� of the polymer can now be accurately determined. Using these thermal analysis data,
calculations of the % crystallinity of PEEK in the mixtures have been made and compared
with that of a 100% polymer sample. From these studies it is evident that the presence of HA
does not adversely affect the degree of crystallinity of the PEEK component in the mixtures of
interest over the thermal range studied.
# 2000 Kluwer Academic Publishers

1. Introduction
Research into providing biomaterials with both improved

mechanical performance and enhanced bio-functionality

for use in a hard tissue load-bearing implant environment

is of increasing importance [1±4]. The more so, since the

replacement of prosthetic devices that have failed in vivo
currently accounts for a signi®cant proportion of

expensive joint replacement operations [2]. Current

emphasis of much of this research effort is directed

towards the development of so-called ``second genera-

tion'' biomaterials which are bioactive and hence,

speci®cally designed to ``enhance the restoration and

repair of the body tissue function'' in a medical implant

context [3, 4].

Bioceramic systems based on hydroxyapatite (HA,

Ca10(PO4)6(OH)2), are an important class of bioactive

materials which can promote bone regeneration and

hence can provide strong implant/host tissue interfacial

®xation in medical and dental devices [5±9]. The use of

HA in load-bearing orthopaedic devices is, however,

restricted due to inadequate mechanical properties of

strength and fracture toughness [5]. Conversely, poly-

aromatic materials, such as poly(etheretherketone)

(PEEK, (-C6H4-O-C6H4-O-C6H4-CO-)n), are polymers

with excellent properties for a range of engineering

applications [10±12]. PEEK is a semi-crystalline, high

performance, linear thermoplastic polymer that exhibits

excellent chemical resistance, has high thermal stability

and superior mechanical properties. It has a glass

transition �Tg� at & 145 �C, a crystallization peak �Tc�
at & 160 �C and a melting point �Tm� of & 343 �C [12].

The various chemical, physical and thermal properties of

PEEK have been studied and reported in detail elsewhere

[13±15].
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With regard to its potential as a biomaterial, PEEK is

of particular interest since components can be readily

formed using conventional thermoplastic molding and

extrusion techniques. Moreover, the material can be

repeatedly sterilized without marked deterioration of its

high mechanical strength [16]. Carbon ®ber-reinforced

PEEK has been suggested for use in total hip replacement

(THR) prostheses and several studies have addressed the

optimization of the system for this orthopaedic applica-

tion [17±20]. It has also recently been suggested as part

of the retaining ring in an acetabular cup assembly of a

THR system [21]. In addition to its superior mechanical

performance, the biocompatibility of PEEK has been

assessed [22±25]. In general, it is found that it is not

cytotoxic and has a similar foreign body response to that

observed for ultrahigh molecular weight polyethylene

(UHMWPE) [23]. It has also been found to have a

positive stimulatory effect on osteoblast protein content,

which suggests that it may then encourage bone ingrowth

in a hard tissue implant context [24].

In human cortical bone and associated hard tissues,

HA and related minerals are present as one component of

a biphasic composite with collagen ®bers as the other. It

is this relationship then, that gives bones their strength

and ¯exibility. Hence, biocomposite formulations based

on various bioceramic/polymer mixtures have been

suggested for use in the manufacture of hard tissue

implant prostheses to provide for improvements in load-

bearing orthopaedic applications [25±27]. However, the

success of this approach has, to date, been limited and

only a very few systems have been shown to have

signi®cant bene®t as implants in vivo. In particular,

HAPEXTM, based on a polyethylene/hydroxyapatite

formulation, has been shown to be an effective

biocomposite [28, 29]. However, the medical applica-

tions of this material have, to date, been limited to non-

load-bearing situations such as orbital ¯oor reconstruc-

tion and middle ear implants [30].

It is proposed here that the use of PEEK/HA

composites may provide biomaterials with signi®cantly

enhanced properties for a range of orthopaedic implant

applications. The presence of PEEK can provide the

required mechanical strength and fracture toughness,

particularly in major load-bearing situations. In addition,

the use of HA with its proven bioactivity provides for the

possibility of new bone growth, assuming that there is

enough of this material at the surface and therefore at the

implant/host tissue interface. The ceramic component

may also provide some reinforcement to the polymer

matrix, particularly if it can be presented in the form of

®brous ``whiskers''. In order to harness this potential,

however, it is ®rst necessary to understand the effects of

thermal processing on polymer/bioceramic mixtures. In

this way, the optimal formulation and accurate control of

the relevant properties during subsequent thermal

processing of these systems may be determined thereby

allowing for their effective exploitation.

Accordingly, this paper reports the results of a detailed

thermal characterization study of a series of PEEK/HA

mixtures using thermogravimetric and calorimetric

techniques, namely thermogravimetric analysis (TGA),

differential scanning calorimetry (DSC) and modulated

differential scanning calorimetry (MDSC). It is sug-

gested that these techniques can provide much important

information on the thermally-induced behavior of each

component in the presence of varying amounts of the

other material. These data will then be of direct value in

determining the optimum processing parameters neces-

sary for the fabrication of suitable biocomposite

structures with highly controled mechanical properties

and enhanced bio-functionality.

2. Methodology
2.1. Preparation of PEEK/HA mixtures
A series of poly(etheretherketone) (450P standard

viscosity grade, Victrex plc, UK) and hydroxyapatite,

(bioceramics grade, Merck KGaA, Germany) mixtures

with nominal % wgt/wgt compositions of 90/10, 70/30,

50/50, 30/70, and 10/90 % PEEK/HAwere prepared from

suitable amounts of the source powders. In each case, the

combined powders were placed in a rigorously clean

agate mortar and manually ground for approximately

20 min to provide for intimate mixing. In order to

determine accurately the working composition of each of

the mixtures, as presented as samples to the thermal

analysis equipment, standard burn off (ashing) tests were

carried out. A series of six 0.12 g samples were taken

from each mixture, placed in vitreosil crucibles and each

of the samples ashed in a tube furnace (Carbolite Ltd,

UK) at 800 �C for 2 h. The residual weight of each

sample, assumed to represent the ceramic content only,

was determined post-processing, and the average

percentage weight loss, taken to be the total polymer

contribution, calculated appropriately. By way of direct

comparison, samples of the pristine PEEK and HA

powders were treated in the same way.

2.2. Thermogravimetric analysis (TGA)
The TGA scans for the various mixtures and individual

component powders were recorded on a TA Instruments

Model 951 Auto TGA system using platinum sample

pans. In all cases, the purge gas used was a 60/40%

nitrogen/air mixture at a ¯ow rate of 100 cm3/min. A

heating ramp of 10 �C/min to a maximum temperature of

750 �C was used throughout.

2.3. Conventional and modulated
differential scanning calorimetry (DSC)

For the studies reported here, the conventional DSC

scans were recorded on a TA Instruments DSC 2000

system using aluminum sample and reference pans.

During analysis, nitrogen gas was passed through the

sample cell at a ¯ow rate of 50 cm3/min. The heating

ramp applied was 10 �C/min to achieve a maximum

temperature of 650 �C for the PEEK and PEEK/HA

mixtures and 450 �C for the 100% HA material.

The Modulated DSC scans were recorded on a TA

instruments MDSC 2920 system, again using aluminum

pans. In this case, a nitrogen purge gas ¯ow rate of

30 cm3/min was employed. The heating ramp comprised

an underlying rate of 2 �C/min overlaid with a sinusoidal

oscillating temperature utilizing a 50 s period and an

amplitude of +0:265 �C, to a maximum temperature of
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400 �C. An indium reference standard was used to

calibrate the instruments used in both sets of calorimetric

experiments.

3. Results and discussion
3.1. Determination of PEEK/HA mixture

composition
As the PEEK/HA mixtures were prepared manually, burn

off tests were used to con®rm the actual % wgt/wgt

compositions. Table I shows the nominal and experi-

mentally determined (averaged) compositions of the

mixtures of interest, after ashing the samples in air, at

800 �C for 2 h. It is clear from these data that the actual

compositions get closer to the theoretical values as the %

wgt of PEEK increases and, hence as the HA contribution

decreases. In general, with the exception of the 25/75%

PEEK/HA material, the other mixtures were found to be

within +10±15% of their nominal values. Hence, this

lowest PEEK content system was not fully characterized

in the subsequent thermal analysis studies. Ashing of a

100% PEEK sample in air results in no measurable

residue while the HA material shows & 2% decrease in

weight. These observations were taken into account

when calculating the compositional values for the

various PEEK/HA mixtures. It should be noted that

carrying out the ashing studies at 1000 �C does not

signi®cantly change the compositional data obtained.

Nor is there any signi®cant variation in the data observed

when the ashing duration is increased to four hours at

either of the temperatures employed.

3.2. TGA, DSC and MDSC studies of PEEK
and HA powders

In TGA, changes in the weight of a known amount of a

material are monitored as a function of temperature (or

time), while it is purged with an inert gas, normally

nitrogen or a nitrogen/air mixture. In this way, TGA can

provide quantitative information resulting from any

processes that might cause detectable weight changes

during the controled heating ramp. This enables the

stoichiometry and kinetics of any thermally-induced

reactions to be followed directly. The technique has been

used here to study the nature of any interaction between

HA and PEEK which might result on heating the

mixtures, over the composition range of interest. The

data have been directly compared to the scans originating

from the individual component powders.

The TGA scan for a 100% PEEK sample is given in

Fig. 1 and shows little or no weight loss up to a

temperature of & 552 �C. However, immediately after

this point is reached, on the heating ramp a sharp

decrease in weight is observed and, by 700 �C, a total

weight loss of almost 50% has occurred. This behavior is

indicative of the thermal decomposition of PEEK as

reported by Hay and Kemmish [31], who found that

degradation occurred by random chain scission processes

at the ether and/or carbonyl linkages in the oxy-1,4-

phenylene-oxy-1, 4-phenylene-carbonyl-1, 4-phenylene

repeat unit of the polymer chain and by the transfer

reactions that can then occur. This results in the

formation of volatile decomposition products, including

furan containing oligomers, phenol and dibenzofuran.

These workers also identi®ed the presence of a black,

non-volatile residual solid based on a poly(etherketone)

backbone. It should be noted that the degradation studies

of Hay and Kemmish were carried out in a ¯owing

nitrogen gas environment as part of their thermogravi-

metric studies. Since, in the ashing studies for the pure

polymer reported in this work, no non-volatile residues

were observed, this suggests that the decomposition of

PEEK in air is complete at 800 �C. This behavior has

been con®rmed by carrying out ashing studies for PEEK

in a ¯owing nitrogen/air environment using conditions

similar to those used for the TGA studies. This did indeed

result in the formation of a non-volatile solid residue

equivalent to & 50% of the original weight. Hence,

ashing PEEK at 800 �C for 2 h in a 100% (non-¯owing)

air environment leads to the complete thermal degrada-

tion of the material by oxidative decomposition with no

detectable solid residue.

The corresponding TGA scan for the 100% HA

powder sample is given in Fig. 2. The weight loss

observed here is most pronounced up to & 100 �C, after

which there is a more gradual decrease to the upper

heating limit. The solid residue content at 700 �C
is & 93% indicating the expected stability of this

material over this temperature range. This relatively

small weight loss is assigned to removal of adsorbed

water between 80 and 120 �C and to the slow

dehydroxylation of the HA material up to 700 �C [32].

In differential scanning calorimetry (DSC) the heat

¯ow associated with transitions in materials are

measured as a function of temperature (or time) in a

controled atmosphere. In this way, quantitative informa-

tion can be obtained about a number of key physical and

chemical properties of the materials from changes in the

measured heat capacity of the system. In conventional

DSC, however, many of the transitions that would be

desirable to monitor are complex and dif®cult to interpret

due to inherent inadequacies in instrument sensitivity.

Although it is possible to increase sensitivity, this

requires a faster heating rate, which then reduces

resolution.

Figure 1 TGA scan (0±750 �C) for 100% PEEK, showing little or no

weight loss until 552 �C after which a sharp on-set of degradation

occurs resulting in 51.5% solid residues at 700 �C.
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Modulated DSC is a new version of the technique,

which can provide much additional calorimetric informa-

tion. While the conventional method measures the sum of

all thermal events, MDSC separates heat ¯ow into

reversing and non-reversing components. The reversing

heat ¯ow signal contains the heat capacity events such as

the glass transition temperature �Tg� and the melting

endotherm �Tm�. The non-reversing heat ¯ow trace

indicates the kinetic events such as crystallization �Tc�
and decomposition. In order to do this, a different heating

pro®le is applied compared with that used in the standard

DSC experiments. Speci®cally, a sinusoidal temperature

oscillation is overlaid on the conventional linear heating

or cooling ramp to yield a pro®le in which the average

sample temperature continuously changes with time but

not in a linear fashion. The net effect of imposing this

more complex heating pro®le is the same as if two

experiments were run simultaneously, one with the

traditional linear heating rate and the other at the

sinusoidal heating rate. This set of conditions thereby

provides slow underlying heating, known to improve

resolution, as well as faster instantaneous heating, which

improves sensitivity. The combination of high resolution

and sensitivity in the same experiment is one of the key

bene®ts of MDSC. Additional advantages include

increased sensitivity for detecting weak transitions,

separation of complex thermal events, direct measure-

ment of heating capacity and measurement of thermal

conductivity.

Conventional DSC scans for the 100% PEEK and HA

samples are shown in Figs 3(a) and 3(b), respectively. It

should be noted that the DSC scan for HA was recorded

to a temperature of 450 �C only, whilst that for PEEK was

run to a maximum temperature of 650 �C. The DSC scan

for the 100% PEEK shows the expected transitions

associated with this semi-crystalline material, namely a

crystallization exotherm �Tc� at & 169 �C and the

melting endotherm �Tm� which can be seen

at& 348 �C. These values are slightly higher than the

published data referred to earlier [12]. In addition, an

intense exotherm can be observed at approximately

& 593 �C, which is indicative of the decomposition of

the PEEK, as was also observed in the TGA data for this

material in the same temperature range (Fig. 1).

Although highly informative, the DSC scan does not

allow the glass transition temperature �Tg�, associated

with PEEK to be clearly de®ned.

The most obvious feature in the conventional DSC

scan for 100% HA (Fig. 3b), is the occurrence of a broad

endotherm centered at & 80 �C. As was the case in the

corresponding TGA plot, this is due to the removal of

adsorbed water from the HA crystal lattice. A second

distinct, but much less intense feature is observed for this

material at & 324 �C. The origin of this exothermic peak

is not immediately apparent, as no transitions are

expected for HA at this temperature. It may therefore

be assumed that it is caused by the presence of some

contaminant species in the commercial HA material.

Detailed Fourier transform infra-red (FTIR) spectro-

scopy and X-ray diffraction (XRD) studies (not shown

here) of the commercial HA material used in this work

have shown it to be a carbonated apatite with relatively

poor crystallinity. This assessment of the Merck material

is consistent with ®ndings from Liu et al. who have used

it as a component in a biocomposite system [27]. Hence,

the additional feature noted in the DSC is assigned to the

presence of the carbonate phase. This has subsequently

been con®rmed by studying DSC scans for calcium

carbonate (Analar grade, Merck KGaA, Germany) and a

Figure 2 TGA scan (0±750 �C) for 100% HA showing a pronounced

change in weight between 80 and 100 �C, which is assigned to the loss

of adsorbed water. This is followed by a more gradual loss due to slow

dehydroxylation to the upper temperature limit, giving 93% solids at

700 �C.

Figure 3 Conventional DSC for (a) 100% PEEK with Tc&169 �C,

Tm&348 �C and decomposition at & 593 �C and (b) 100% HA with a

broad endotherm centered at & 80 �C due to water loss and an

exotherm at & 324 �C.
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sample of laboratory synthesized HA that is known (from

FTIR and XRD) to be highly crystalline. The data for the

CaCo3 sample clearly indicated the presence of an

exotherm at & 324 �C while the ``pure'' HA did not. It

should be noted that the MDSC scan for this HA material

(not shown here) con®rms the kinetic endothermic and

exothermic activity described above. It is interesting to

note that none of the DSC data recorded for the HA

employed in this study showed the monoclinic to

hexagonal phase transition reported by Suda et al. [33],

which they observed as endo-and exothermic peaks at

on-set temperatures of & 207 �C and 206 �C during the

heating and cooling of HA, respectively.

In the MDSC scan for PEEK, as given in Fig. 4, the

total heat ¯ow signal, represented by the solid line, shows

all the information given by the conventional DSC. The

(i) non-reversing (kinetic) and (ii) reversing (heat

capacity) contributions are shown as a line broken by

dots and a dashed line, respectively. The non-reversing

signal identi®es the PEEK crystallization at Tc&160 �C
and is followed by some re-ordering within the crystal-

line region immediately prior to the melt at Tm&349 �C.

Whereas the values for Tm in both the DSC and MDSC

studies of pure PEEK are more or less identical, the value

for Tc is some nine degrees below that determined from

the conventional DSC analyses. This difference is due to

the fact that, as described earlier, the modulation

technique uses a slow underlying heating rate with

a simultaneous high instantaneous oscillating heating

rate, thereby improving resolution without loss of

sensitivity.

In addition to the melting peak, the reversing signal

(Fig. 4 (i)) indicates the presence of a glass transition

peak �Tg� at & 142 �C. This is indicative of the

amorphous phase of the PEEK coupled with imperfectly

crystallized polymer and is not seen with any certainty in

either the total heat ¯ow (solid line) or non-reversing

(Fig. 4 (ii)) traces. The observation and quanti®cation of

these data from different parts of the same experimental

run allow integration of the crystallizing and melting

phenomena to be done independently, thereby increasing

the accuracy and precision in determining the resultant

crystallinity.

3.3. TGA, DSC and MDSC studies of PEEK/
HA mixtures

Thermal analyzes of the various PEEK/HA mixtures

have been carried out under conditions identical to those

used to study the component powders. In general, the

TGA data for the higher PEEK content samples are

similar in form to those recorded for the 100% PEEK

sample (Fig. 1), in that, there is no signi®cant weight loss

until & 530 �C where upon a very sharp decrease in

weight occurs. TGA scans for the 74/26% and 37/63%

PEEK/HA mixtures are shown in Figs 5(a) and 5(b),

respectively. Table II shows the decomposition on-set

temperature for each of the mixtures and the resultant %

residue detected at 700 �C. These data show that, with the

exception of the 25/75% PEEK/HA mixture, the

temperature at which decomposition commences

decreases as the amount of HA in the mixture increases.

Not surprisingly, the total solid residue at & 700 �C also

increases with the addition of HA since this material is

extremely stable at this temperature.

The conventional DSC scans for the 74/26% and 37/

63% PEEK/HA mixtures are shown in Figs 6(a) and 6(b),

respectively. These plots show all the characteristics

expected for the PEEK component. However, there is

also evidence for a broad endotherm, centered at 80 �C,

which is again associated with loss of adsorbed water

from the HA component and, as such, is found to be more

prevalent with increasing HA contribution to the

mixture. For the higher HA content samples this feature

Figure 4 Modulated DSC scan for 100% PEEK showing normal heat

¯ow signal (solid line) and (i) non-reversing (kinetic) and (ii) reversing

(heat capacity) elements with Tg&142 �C, Tc&160 �C, Tm&349 �C.

Figure 5 TGA scans for (a) 74/26% PEEK/HA with on-set of

decomposition at & 550 �C and 67% solid residues at 700 �C and (b)

37/63% PEEK/HA showing on-set of decomposition at & 539 �C and

78% solid residues at 700 �C.

485



dominates this region of the scan. It should be noted that

any evidence for the exothermic feature detected

at& 324 �C for the HA (Fig. 3b), is masked by the

melting endotherm of the PEEK at & 345 �C.

As was the case for the 100% PEEK sample, the

MDSC method provides the resolution necessary to

observe and quantify the temperature at which the glass

transition occurs for each of the mixtures of interest. Figs

7(a) and 7(b) show the MDSC scans for the 74/26% and

37/63% PEEK/HA mixtures, respectively, with Tg

occurring at & 141 �C in each case as determined

during the reversing (heat capacity) component. The

water loss endotherm from the HA contribution, centered

at 80 �C, is again evident and, for the higher HA content

sample, dominates this region of the scan. Table III gives

the thermal analysis data obtained from the DSC and

MDSC analyzes of the various mixtures. The enthalpies

of crystallization �DHc� and melting �DHm�, determined

from the area under curves associated with the exo- and

endotherms, respectively, in the MDSC analysis, are also

included. It is evident from these data that the Tg value

for each sample, as determined by MDSC, is unaffected

by the level of HA present. Likewise, the values for Tc

and Tm are also highly reproducible from mixture to

mixture and very similar to that for the 100% PEEK

material. As expected, the DHc and DHm data associated

with PEEK show a decrease in value with increasing HA

contribution to the mixtures.

The % crystallinity of the PEEK component present

in each of the mixtures has been calculated from the

MDSC data given in Table III by comparing the

enthalpy of crystallization with that determined from

the subsequent melting endotherm. This has been done

by using a value of 130 J/g as the heat of fusion of

totally crystalline PEEK [11, 34], and making the

assumption that the heat of fusion is the same as the

heat of crystallization. The values obtained are

presented in Table IV and have been normalized to

the 100% PEEK sample equivalents. The additional

crystallization that occurs during the MDSC experiment

has been determined by calculating the % crystallinity

from the melting endotherm, i.e. that which has

occurred after further crystallization of any amorphous

phase and imperfectly crystallized contributions. The

difference between these two values is then taken to be

the % crystallization induced by the thermal processes

in the MDSC experiment. It is apparent from these data

that the % crystallinity of PEEK in the mixtures, as

determined from DHc and DHm values, respectively,

show a gradual decrease as the HA contribution

increases. The % crystallinity of the PEEK source

material calculated for these data is 25.5%, which is

Figure 6 Conventional DSC scans for (a) 74/26% PEEK/HA with Tc&166 �C, Tm&345 �C and decomposition at & 583 �C and (b) 37/63% PEEK/

HA with Tc&166 �C, Tm&345 �C and decomposition at & 545 �C.
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slightly below the nominal value of 30% speci®ed for

this grade of the polymer. The inherent % crystallinity

of the PEEK in the various mixtures, changes only

slightly compared to that recorded for this 100% PEEK

material. The variation in these latter values is found to

be commensurate with the error associated with the

ashing studies used to determine the PEEK contribution

in each of the mixtures. This relatively small change in

T A B L E I I Decomposition on-set temperatures and % non-volatile solid residues at 700 �C, as determined by TGA, for PEEK/HA mixtures

Actual (averaged) PEEK/HA composition Temperature of decomposition on-set ( �C) % Solid residue @ 700 �C

% PEEK % HA

100 0 552 51

87 13 556 59

74 26 550 67

57 43 547 71

37 63 539 78

25 75 550 87

0 100 Ð 97

T A B L E I Theoretical and actual (averaged) compositions of PEEK/HA mixtures as determined from ashing studies at 800 �C

Theoretical PEEK/HA composition Actual (averaged) PEEK/HA composition

% PEEK % HA % PEEK % HA

90 10 87 13

70 30 74 26

50 50 57 43

30 70 37 63

10 90 25 75

Figure 7 Modulated DSC scans for (a) 74/26% PEEK/HA with Tg&142 �C, Tc&160 �C and Tm&347 �C and (b) 37/63% PEEK/HA with

Tg&141 �C, Tc&160 �C, Tm&347 �C. In both plots the total heat ¯ow signal (solid line) has been split into (i) the non-reversing (kinetic) and (ii)

reversing (heat capacity) components.
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the % crystallinity, even at high HA loading, is an

important observation, as it suggests that the addition of

increasing percentages of HA to PEEK, does not

adversely effect this critical property of the polymer.

4. Conclusions
The effect of thermal processing on the properties of a

series of PEEK/HA mixtures has been studied using

thermogravimetric (TGA) and calorimetric (DSC and

MDSC) methods. The TGA results suggest that

increasing the HA content of the mixtures has the

effect of decreasing the on-set temperature of PEEK

degradation by up to 13 �C for a sample containing 37%

PEEK. The contribution of the ceramic component is

clearly seen for the samples to which it provides a higher

contribution and results from water loss at lower

temperatures (80±120 �C) and a slow dehydroxylation

of the HA as the temperature increases over the range

200±750 �C.

Conventional DSC analyses for these materials allow

the values for the PEEK crystallization �Tc� and melting

�Tm� temperatures to be readily determined. The on-set

of thermal decomposition has also been examined with

this technique and again found to decrease with

increasing HA content in the sample. Using the

modulated version of the DSC technique, it is possible

to separate the heat ¯ow into reversing (heat capacity)

and non-reversing (kinetic) components which provide a

dramatic improvement in resolution and allow the glass

transition temperature �Tg� for PEEK to be clearly

observed. The values obtained for Tc and Tm are also

determined more accurately and, furthermore, are found

to be highly reproducible. This improvement in accuracy

has allowed for a more reliable calculation of %

crystallinity of the PEEK component present in the

various mixtures of interest. These data show that the %

crystallinity induced by the analysis technique, which is

indicative of that which would occur during thermal

processing, is not adversely affected by the presence of

the HA, even at relatively high loading of 43 and 63%.

Hence, the ceramic component does not cause a

signi®cant change to the PEEK in this critical molding

temperature region. This has important implications for

the fabrication of composite structures based on PEEK/

HA formulations.
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