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Abstract High temperature processing is essential for the

preparation of apatites for biomaterials, lighting, waste

removal and other applications. This requires a good

understanding of the thermal stability and transitions upon

heating. The most widely used is hydroxyapatite (HAp),

but increasing interest is being directed to fluorapatite

(FAp) and chlorapatite (ClAp). The structural modifica-

tions for substitutions are discussed to understand the

temperature processing range for the different apatites.

This is based on a review of the literature from the past few

decades, together with recent research results. Apatite

thermal stability is mainly determined by the stoichiometry

(Ca/P ratio and structural substitutions) and the gas com-

position during heating. Thermal stability is lowered the

most by a substitution of calcium and phosphate, leading to

loss in phase stability at temperatures less than 900 �C. The

anions in the hexagonal axis, OH in HAp, F in FAp and Cl

in ClAp are the last to leave upon heating, and prevention

of the loss of these groups ensures high temperature sta-

bility. The information discussed here will assist in

understanding the changes of apatites during heating in

calcination, sintering, hydrothermal processing, plasma

spraying, flame pyrolysis, and other high-temperature

processes.
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Introduction

The multifunctionality of calcium apatite is attributed to a

large capability for elemental substitution, the active sur-

face and a range in crystal perfection (low to high crys-

tallinity). Harnessing these attributes provides a propensity

to many applications, but relies on the improved process-

ing–microstructure–property relationship, considered being

important for the design and tailorability of material

properties.

The best starting point for altering the characteristics of

apatites is with high crystallinity apatites. These are most

frequently produced by high-temperature processing, a

common approach for calcining and product manufacture.

The crystalline structure provides the best capability to

understand the chemical and structural make-up of the

apatite. The study and further use of apatites thus requires a

degree of thermal stability, and is the basis of this review.

Apatite structure

Apatites are a diverse group of minerals found in rocks

(igneous rocks and some metamorphic and sedimentary

rocks), as well as the main inorganic constituent of natural

hard tissues. Synthetic hydroxyapatite (HAp) is used as a

biomaterial for orthopaedic and dental applications in the

pure or chemically modified form. The basic formula of
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apatite is Ca10(PO4)6X2 where X is F, Cl or OH. Natural

apatite usually consists of a solid solution of these anions,

with hydroxyl groups being always present. The compo-

sition of apatite, however, is even more variable because a

large number of different species can be substituted into the

structure [1, 2]. The most common apatite structure has a

hexagonal symmetry P63/m. The lattice parameters of

apatite crystals depend on the chemical substitutions [3, 4].

Substitutions modify the structure and often show

marked effects on characteristics, such as crystallinity and

other properties (solubility, mechanical, thermal stability,

optical, and bioactivities) [5–7]. The effects of different

ionic substitutions on the bio-HAp have been discussed in

numerous articles and in an overview by LeGeros [8].

Apatites can have extensive substitution of all groups [1,

2], but the apatite class will always include calcium and

phosphate groups. The degree of substitution leads to an

array of different apatites that need appropriate abbrevia-

tions. To indicate the substitution, the element or chemical

group will be placed in front of the particular apatite name

abbreviation. For example, a magnesium- and carbonate-

substituted fluorapatite will be written as MgCO3FAp. The

abbreviations used in this study are shown in Table 1.

There are several crystallographic sites where atomic

exchanges can occur, allowing elements with different

ionic charges to be taken up into the lattice [1, 3, 9]. The

scope of these substitutions is interpreted the best way in an

onion diagram, representing the base apatite (fluorapatite,

chlorapatite and hydroxyapatite) in the inner circle, Fig. 1.

Iodoapatite and bromapatite have not been included since

the large I- and Br- ions are more difficult to incorporate.

Solid solutions can exist between these apatite classes. The

next inner layer represents anionic substitutions, replacing

PO4, given in the order of decreasing substitution capa-

bility. The remaining onion layers represent the monova-

lent, divalent and trivalent cation substitutions. Sodium

substitutes favour in minor quantities for the other ions

substitution, only occurring as trace elements. Divalent

cations may completely substitute for calcium with a ten-

dency for higher substitution levels in ClAp and HAp than

FAp [1]. After divalent substitutions, the trivalent ions can

be substituted in significant quantities. This study will not

address the trivalent cation substitutions.

Thermal processing

Heating is applied to process apatites for a wide range of

applications. Thermal processing is used for production of

multiple calcium phosphates or for improving the crystal-

linity. Fluorides containing natural apatite minerals are

mainly used in the fertilizer and phosphorus industries [10,

11]. Temperatures above 1200 �C are used in hydrothermal

processes to obtain fluoride-free phosphates [12, 13]. These

are complex processes involving the participation of

impurity minerals in apatite concentrates [14, 15]. Natural

bio-apatites (wastes from food production), heated for

purification, have been proposed for the removal of heavy

metals from contaminated soils [16].

The properties of synthetic apatites produced by pre-

cipitation depend not only on the reactants, solution pH,

rinsing, but also on the synthesis temperature that will

affect the crystallinity and crystal size [17]. Sol–gel syn-

thesis when organic precursors are used requires thermal

treatment up to about 700 �C for the removal organic

components [18]. Coatings made by plasma spraying rely

on feedstock thermal stability for producing the desired

Table 1 Abbreviations for the different apatites and decomposition

products

Class of

apatite

Chemical modifications

FAp FHAp, CO3FAp, ZnFAp, MgFAp, NaMgCO3FAp

ClAp ClAp, ClHAp

HAp OHAp, OAp, Ca def HAp,

CO3Ap A-CO3Ap, B-CO3Ap, AB-CO3Ap

xyHAp A HAp with x and y as substitutions

bioAp A wide range of substitutions

Ca3(PO4)2 TCP—tricalcium phosphate can form a a- or b-phase

Ca4(PO4)2O TTCP—tetracalcium phosphate

FAp

HAp

CIAp

CIHApFHAp

SO4 2–
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Ag+
NH4 

+

H3O 
+
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Fig. 1 An onion diagram representing the core apatites in the centre

and substitution elements in different layers. The inner layer contains

anionic substitutions, but the outer layers provide the monovalent,

divalent and trivalent cationic substitutions. The ions are shown in an

approximate decreasing ability of substitution

648 K. Tõnsuaadu et al.

123



final phase composition [5, 18, 19]. These thermal treat-

ments all influence the properties of apatite.

Thermal stability of synthetic hydroxyapatite is of great

importance to control sintering or thermal processing

conditions for the design and preparation of hydroxyapatite

ceramics. Calcination is an important process for condi-

tioning synthetic HAp for further processing. Low crys-

tallinity powders can evolve gases leading to undesirable

internal pores in sintered ceramics, but higher crystallinity

powders require a higher temperature before shrinkage

begins [20]. Decomposition at higher temperatures is

preferably avoided, since the prior release of gases drasti-

cally reduces the strength [21].

The objective of this article is to collate information on

apatite thermal stability with respect to the chemical

composition, particularly the hexagonal axis ions involving

OH-, F- and Cl-, and structure. The focus of this study

will address the structural rearrangements and changes in

chemistry where either the calcium or phosphate groups are

replaced upon heating. In the case where no reference is

made to the atmosphere, it is assumed that heating is

conducted in air.

Test methods for thermal stability

Phase changes and decomposition of apatites are studied by

means of thermal analysis. This includes thermogravimet-

ric analysis (TG), differential thermal analysis (DTA),

calorimetry, high-temperature X-ray diffraction, micros-

copy, and dilatometry. TG and DTA may be combined

with evolved gases analysis (EGA) by mass spectrometry

(MS), Fourier transform infra-red spectroscopy (FTIR) or

gas chromatography. The simultaneous analysis of the

gaseous products provides additional information about

thermal events, such as evolved species, the amount and

evolution rate versus time. It supplies a comprehensive

understanding of thermal changes in a reliable and mean-

ingful way allowing a thermal event to be matched with the

evolved gas species.

Thermal response depends on the heating rate, amount

of sample, particle size, phase purity, etc. [22] and must be

taken into consideration when interpreting the results. The

composition and pressure of the environment are important

for solid–gas reactions, especially for apatites.

Since the crystalline structure is just as important as its

chemical composition, both characteristics should be pro-

vided where possible. Calcium phosphate phases, before

and after calcination, can be characterized and distin-

guished from each other with X-ray diffraction (XRD),

FTIR, Raman, and NMR spectroscopy. Crystal size can be

determined by XRD [23], or electron microscopy, but

shape requires observation with scanning electron micros-

copy (SEM) or atomic force microscopy.

Thermal analysis in analytical methods

At present, there are only two methods that have been

suggested as possible analytical methods. These provide

the hydroxide and hydrogen phosphate contents. Both are

related to the change in apatite mass upon heating.

It has been shown that a mechanical blend of HAp and

CaF2 heated to 800 �C results in replacement of OH- with

F- ions and a resultant evolution of water, proved by XRD

and IR spectroscopy analyses. The weight loss may be

attributed to the OH- content [24], as shown in Fig. 2. The

presence of carbonate should be considered, and the weight

loss from CO2 subtracted. It is better applied to high-

temperature processed apatites that have released all

absorbed species and any other gases that will otherwise

interfere with the weight loss within the preferred tem-

perature interval of 500–800 �C.

For calcium phosphates that contain HPO4
2-, a weight

loss between 400 and 700 �C occurs after forming pyro-

phosphate with the evolution of water [31]. As pointed out

by Elliot, above 700 �C, the calcium pyrophosphate reacts

with HAp to produce TCP and water [3, 25]. The suggested

temperature to measure the hydrogen phosphate concen-

tration is 600 �C. More detailed information on the purity

of apatites coupled with thermal analysis will provide

means of more closely determining other changes that

occur upon heating apatites.
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Fig. 2 Thermogravimetric analysis of HAp–CaF2 mixture, with an

excess of CaF2 to form FAp. The weight loss between 420 and 800 �C

provides an OH content of 1.7% for a completely hydroxylated HAp

with a Ca/P ratio of 1.67. 1 HAp; 2 HAP-CaF2 mixture. The run was

performed at Tallinn TU in a Setsys TG/DTA (Setaram, France). A

heating rate of 10 deg min-1, an Ar flow of 60 mL min-1 and a

100 lL Pt crucible were used
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Changes in apatites with heating

The thermal properties will be discussed, starting with the

main stoichiometric apatites, followed by anionic substi-

tutions, and then cationic substitutions as shown in

Figure 1. Pure apatites with only one type of anion in the

hexagonal axis are very rare. Hereby, the data on pure

apatites are more theoretical, and intended as a reference.

The stability of apatite is determined by the anion position

in the hexagonal axis and decreases in the following order

F [ Cl [ OH [4].

Unfortunately, the sample’s composition is often

reported in insufficient detail and XRD is unable to reveal

all the structural substitutions, particularly for very fine

crystal sizes that produce peak broadening, and so this will

lead to variability in values stated in the literature.

Stoichiometric apatites

Fluorapatite

Fluorapatite (FAp), the most stable of all the apatites with

fluoride being the most negative and small enough to be

positioned within the calcium triangle, melts at 1644 �C,

and decomposes in a dry atmosphere according to the

following reaction [26]:

3Ca10 PO4ð Þ6F2 ! 2POF3 þ 2Ca3 PO4ð Þ2þ6Ca4 PO4ð Þ2O

ð1Þ

The FAp-CaF2 phase diagram prepared by Prener [27]

shows that a liquid phase is formed at 1203 �C. A recent

study on synthetic FAp whiskers, obtained by high-

temperature synthesis (1175 �C) with a Ca/P = 1.643,

confirms FAp stability up to 1200 �C [28].

Chlorapatite

Chlorapatite (ClAp) is reported being more stable than

HAp [4]. It undergoes a phase change from hexagonal to

monoclinic upon heating at 200–300 �C [3, 29] and is

stable to 1200 �C at which point cracks, pores and large

grains are observed [30]. The poor sinterablity of ClAp

produces a lower three-point bend strength compared to

HAp. Heating in a vacuum between 900 and 1200 �C for

16 h will lead to a partial loss of the chloride ions [31]. The

loss of the column anions is common for all apatites upon

heating.

Plasma spraying of HAp has been compared to ClAp

showing that less amorphous calcium phosphate and oxy-

apatite is formed from ClAp powder [29]. The above dis-

cussion suggests that the thermal stability decreases from

FAp to ClAp and further to HAp. A comparison of all three

materials is still not available, and requires further inves-

tigation, with a detailed knowledge of the anion concen-

tration, any replacement column anions and the trace

element concentrations.

Hydroxyapatite

Thermal events followed during thermal treatment of HAps

depend on the obtaining conditions. Precipitated HAp

exhibits two to four stages of mass loss in the low tem-

perature region, up to 500 �C [25, 32–34]. Precipitated

HAp has two types of water—adsorbed water and lattice

water [8, 35]. Adsorbed water is reversibly removed from

25 to 200 �C without any effect on lattice parameters.

There is an outer physisorbed layer and an internal chem-

isorbed monolayer. The physisorbed water is released at

lower temperatures, whereas more energy is required to

release the chemisorbed water. Active researches are

addressing the effect of different crystal surfaces and sur-

face chemistry of apatite crystals [36, 37]. Water in pores,

cracks and inter-crystallite locations is stabilized by cap-

illary effects and requires higher temperatures for release.

Lattice water is irreversibly lost between 200 and 400 �C,

which cause a contraction in the a-lattice dimension during

heating [32]. Surface phosphorus is reactive and will

readily form a P-OH that is dehydroxylated above 400 �C

to form P-O-P surface groups [25].

Dehydroxylation of HAp begins at temperatures at about

900 �C in air and 850 �C in a water-free atmosphere [32,

34, 38, 39], Reaction 2.

Ca10 PO4ð Þ6 OHð Þ2! Ca10 PO4ð Þ6 OHð Þ2�2xOxhx þ xH2O

ð2Þ

where hx is a hydrogen vacancy.

The decomposition of HAp is a process of continuous

reactions, in which the conversion degree of dehydroxy-

lation can strongly influence the critical temperature of

subsequent decomposition [25, 34, 40]. When OH groups

are removed from the HAp structure, two OHs combine to

form one molecule of water, leaving a peroxy ion (O2-) in

the lattice:

2OH� ! H2Oþ O2�

This is followed by a small weight loss as water leaves

HAp and enters the gas phase. Dehydroxylation introduces

vacancies to create oxyhydroxyapatite (OHAp) with a

similar crystal structure to HAp. Bredig et al. [41] were the

first to demonstrate the existence of OHAp in 1933 by

heating at 1360 �C under vacuum for 7.5 h and produced a

55% dehydroxylated HAp. A 75% dehydroxylated HAp

has been formed under vacuum and results extrapolated to

100% dehydroxylation to establish the lattice parameters of

650 K. Tõnsuaadu et al.
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oxyapatite (OAp; Ca10(PO4)6O) [42]. Trombe showed that

an A-type carbonated HAp can also be heated to remove

carbonate ions from the channels as an alternative approach

for oxyapatite preparation [42]. Oxyapatite has also been

formed in a thermal spray coating, but the surface of the

coating readily absorbs moisture to form a hydroxyapatite

[19]. The preparation of an oxyapatite via a low-

temperature amorphous phase could release water more

easily since nanocrystals may be more effective in

releasing the structural water and carbonate from the

columns. A significant weight loss at above 1300 �C leads

to a large removal of hydroxyl groups [43].

As HAp is slowly dehydroxylated, there is a decrease in

lattice parameter, but this is more difficult to follow with

XRD than changes in FTIR spectra that show a clear

decrease in the OH band at 3570 cm-1 [44].

The range of temperature for OAp stability is very

narrow around 800–1050 �C [33, 43]. Two outcomes of

OAp decomposition above 1050 �C are stoichiometrically

possible: a mixture of tetracalciumphosphate (TTCP) and

tricalciumphosphate (TCP, b-TCP at temperatures below

*1200 �C and a-TCP at higher temperatures), or it may

decompose to a mixture of TCP and CaO by the fol-

lowing reactions, and this does not involve any change in

weight:

Ca10 PO4ð Þ6O! 2Ca3 PO4ð Þ2þCa4P2O9 and ð3Þ

Ca10 PO4ð Þ6O! 3Ca3 PO4ð Þ2þCaO ð4Þ

The dehydroxylation of commercial Fluca HAp powder

upon heating to 1250 �C in dry air flow has produced four

successive conversion stages corresponding to different

kinetic mechanisms, which were calculated by means of

the Ozawa–Flynn–Wall method. According to the

calculated activation energy–conversion degree plot, the

kinetics of HAp dehydroxylation include four reaction-

rate-controlling processes with different activation energies

[34]:

(1) OH- diffusion through HAp;

(2) OH- debonding from HAp lattice;

(3) lattice constitution of OAp, and

(4) loss of surface water by 2OH- ? H2O: ? O2-.

Effect of water vapour

FAp releases fluoride when heated in the presence of H2O,

even at small concentrations in air, above 1000 �C to form

HFAp [13, 45]. The extent of defluoridation depends on the

temperature, time and the water vapour pressure.

ClAp is less stable than FAp and will easily convert to

HAp when heated in steam above 800 �C [24, 45]. Recent

study has shown the inclusion of water vapour in a furnace

can reduce the stability of ClAp and produce a transfor-

mation at 50 �C lower than in dry air. The transformation

can be followed by the appearance of the (002) HAp peak

at 26.1� [31].

A very important property of highly dehydroxylated

HAp under a vacuum of 1.3 mPa at 1000 �C is that it could

be rehydroxylated in a water vapour atmosphere [42] as

low as 400 �C. It is particularly important to eliminate all

traces of water when OAp is to be prepared.

The reconstitution temperature of HAp has been repor-

ted to be dependent on cooling rate and atmosphere [33, 46,

47]. Plasma-spraying has been shown to produce a large

amount of TTCP and a-TCP and a small amount of CaO

and Ca2P2O7 [48].

Thermal spraying can readily produce dehydroxylation,

but also amorphous phases from rapid cooling [47]. This

amorphous phase content increases with less pure HAp

[49]. Reheating ground HAp coatings in air containing

water vapour results in recrystallization of the glass phase

and formation of HAp at 600 �C [50]. Heating the coating

in the presence of water vapour can crystallize hydroxy-

apatite at 500 �C. The lower temperature could arise from

the residual stresses or the use of a high vapour pressure.

Heating in the absence of moisture will lead to oxyapatite

at 700 �C [47]. Post-heat treatment revealed that

hydroxyapatite can be restored from hydration of TTCP

and a-TCP at high temperatures and water content [48].

Hydrothermal treatment in an autoclave at temperatures as

low as 200 �C can provide crystallization and also heal the

cracks within the thermal spray coating structure [51].

When HAp (Merck) is heated to 1500 �C and then

cooled, a high-temperature XRD study shows that a part of

TTCP and a-TCP initially converted into OAp around

1350 �C and maintained during cooling until 1300 �C [32].

Upon cooling to 1290 �C, a part of TTCP and a-TCP

converts to OHAp by rehydration with a significant weight

increase. At 1100 �C, the rest of TTCP and a-TCP com-

pletely reconstitutes the HAp phase. OHAp then gradually

rehydrates and reconstitutes HAp. This emphasizes the

importance of the heat treatment regime on the change in

microstructure that can lead to differences in the resulting

material properties.

Instability of OHAp in the presence of water molecules

explains the higher stability of HAp at calcination [52–54].

It was shown that in a moist atmosphere (in which water is

explicitly added by bubbling gas through water at room

temperature, partial pressure of water *17.5 mm Hg) it is

possible to sinter HAp up to a temperature of 1300 �C

without dehydroxylation or decomposition [38]. However,

in theory, it should be possible to sinter HAp with a Ca/P

ratio of precisely 1.67 to temperatures up to 1475 �C before

decomposition begins, provided that the partial pressure of

water in the sintering atmosphere is 500 mm Hg [55]. In

A review on the thermal stability 651
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the case of ‘pressure-less’ sintering, gas needs to be bub-

bled through water very close to boiling [40].

Hexagonal anion substitutions

Theoretically, the crystal structure of F-OH apatite should

be more regular [3] and have a higher thermal stability.

XRD data of FHAp ceramics obtained from precipitated

nanosized FHAp powders sintered at 1300 �C and TG data

of the FHAp powders in the temperature range from 25 to

1300 �C, revealed a greater thermal stability of the HAp

matrix and a greater resistance to decomposition when

fluoride replaces more than 60% hydroxyl ions [39].

Carbonate substitution in hexagonal axis will be dis-

cussed in a section of carbonate substitution.

Phosphate substitutions

Ca/P ratio impact

Small deviations in the Ca/P ratio of the starting material

result in the formation of secondary phases at heating. The

substitutions of carbonate and hydrogen phosphate in the

apatite structure have been found to lower the Ca/P to 1.62

[56, 57]. A lower Ca/P ratio lowers the crystallinity and

accelerates the decomposition [58–60].

Acid phosphate (HPO4) may be lost at 250–400 �C and

form diphosphate (Ca2P2O7), although Ca-def HAp

exhibits this behaviour at 400–700 �C [57, 61]. At tem-

peratures above 700 �C, Ca-diphosphate reacts with HAp

to give b-Ca3(PO4)2 [62, 63].

The newly formed b-TCP in turn accelerates the

decomposition of HAp. A study of HAp produced by a

solid-state reaction and mixed with b-TCP revealed that the

presence of b-TCP strongly affects the post-sinter HAp/b-

TCP ratio by promoting the thermal decomposition of HAp

to b-TCP, even at sintering temperatures as low as 850 �C.

Hydroxyapatite content also influences the reverse trans-

formation of a-TCP to b-TCP [63].

Apatite with a Ca/P ratio greater than 1.667 gives HAp

and CaO on heating above 900 �C [3]. On cooling, the CaO

may react in the atmosphere to form Ca(OH)2 and/or

CaCO3.

Carbonate substitution

Carbonate ions in the apatite structure either substitute OH-

ions to form an ‘‘A-type’’ carbonated hydroxyapatite or

PO4
3- to form a ‘‘B-type’’ substitution [3]. The ‘‘B-type’’

substitution referred to as B-CO3Ap is more common, but

more complex than the ‘‘A-type’’ carbonated hydroxyapa-

tite, herein referred to as A-CO3Ap.

B-CO3Ap has a complex defect structure involving

possibly two types of water within vacancies of the apatitic

mineral crystal, and this stabilizes the apatite structure [35,

56, 64]. The carbonate substitution could also be stabilized

by other substitutions such as CO3OH, H3O?, HPO4
2-,

Na? or NH4
? depending on the synthesis conditions [3,

65]. Pure A-type carbonated apatites may be prepared by

heat treatment of HAp for several hours in a CO2 atmo-

sphere between 800 and 1000 �C [66]. Synthesized pre-

cipitates are usually combined A- and B-type carbonated

apatites (AB-CO3-Aps). This type of structure is obviously

less stable, and its decomposition is very complicated [67].

Thermal changes in CO3Ap are illustrated in Figure 3

that shows an evolution of gases (Fig. 3a), the corre-

sponding weight loss from a similarly shaped dm/dT curve

(Fig. 3b), and the change in lattice parameters (Fig. 3c):

(1) The evolution of adsorbed water starts at 90� C and

the water bound in the apatite structure evolves up to

500 �C [54]. A decrease in lattice constants a and

c (Fig. 3c) suggests rearrangements in the structure

[35]. An accompanying release of ammonia in the

EGA curve (Fig. 3a) is observed for the apatite

synthesized from ammonium-containing reactants,

confirming that all weight loss up to 400 �C cannot

be solely attributed to the release of water [68].

(2) A loss of carbonate in air, an endothermic reaction,

starts at 400–500 �C and is completed at

800–1200 �C [69] or between 630 and 1250 �C

[70]. Carbonate evolution at 300–600 �C has been

attributed to a reaction between hydrogen phosphates

and carbonates [54] or carbonate structural relocation

[3, 35]. Another study that measured the lattice

parameters and monitored the evolved gas with mass

spectrometry showed decarbonisation of A sites at

450–600 �C and B sites at 75–950 �C [65]. The

release of carbonate from B sites (Fig. 3a) arising

from synthesized hydroxyapatite also shows the

increase in lattice parameter a (Fig. 3c).

The decarbonation of AB-CO3Aps in air or an inert

atmosphere starts from about 600 �C and proceeds in two

steps at about 700 and 950 �C [71]. This behaviour is

explained by different substitution modes for carbonates in

the apatite. The temperature decreases for evolving car-

bonate with an increase in the carbonate content [72, 73].

(3) Decomposition of the apatite: The mass loss for CO2

departure is slightly higher than the carbonate content

of the initial powders. This is explained by the

dehydroxylation at the A sites to evolve water and

create OHAp [55, 74].

At about 1250 �C, the mass loss is attributed to the release

of water from a reaction between the oxyhydroxyapatite and

652 K. Tõnsuaadu et al.
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CaO to form tricalcium phosphate (observed in XRD pat-

terns) according to the following reaction:

Ca10 PO4ð Þ6 OHð Þ2:2xOx þ 2CaO

! 3Ca4O PO4ð Þ2þð1� xÞH2O ð5Þ

At 1300 �C, the last TG peak is associated with the

decomposition of the remaining OHAp into TCP phosphate

and TTCP [57, 71]:

Ca10 PO4ð Þ6 OHð Þ2:2xOx ! 2Ca3 PO4ð Þ2þCa4O PO4ð Þ2
þ ð1� xÞH2O ð6Þ

The sintering atmosphere appreciably influences the

phase transformation and decomposition of carbonated

apatite [75]. Use of a carbon dioxide atmosphere can

protect CO3HAp against thermal decomposition [67, 76].

A CO2 gas partial pressure of 50 kPa stabilizes carbonated

apatites up to sintering temperatures, but CO2 gas induces

carbonation of hydroxide sites (A-site) that is undesirable

for sintering.

A low partial pressure of water vapour in the atmosphere

controls A-site carbonation and indirectly favours sinter-

ing. Dense ceramics made of single-phased apatite

Ca10-x(PO4)6-x(CO3)x(OH)2-x-2y(CO3)y, with 0 B x B 1.1

and 0 B y B 0.2 could be produced. The value of x (B-type

carbonates) is controlled by the synthesis process and the

value of y (A-type carbonates) by the sintering atmosphere

[67].

Natural carbonated fluorapatite (CO3FAp) begins to

release CO2 and F at about 520 �C for heavily carbonated

samples, but requires temperatures closer to 800 �C for low

carbonate content apatites [77]. This leads to the formation

of FAp and CaO [78]. There is a systematic increase in the

a-axis and crystallite size with a loss of carbonate [78, 79].

Loss of CO2 and N2 on heating CO3FAp precipitated in

the presence of ammonium salts has been investigated by

gas chromatography [80, 81]. Carbon dioxide is evolved

between 450 and 950 �C in three stages. The first stage at

480 �C is attributed to the decomposition of carbamate

(NH2CO2
-), the second at *700 �C to CO3

2- and the

third at *800 �C to CO3F or to CO3OH substitutes.

Precipitated FHAp (pH 10) with a low carbonate content

exhibits a higher thermal stability compared with HAp

synthesized at the same conditions. Hydroxyapatite

decomposes to a-TCP above 960 �C, whereas FHAp

requires temperatures above 1300 �C for the loss in

structure [82]. This is explained by the more ordered

apatite structure of FHAp [39].

Sulphate substitution

Thermal analysis together with FTIR and Raman spec-

troscopies shows that recrystallization of precipitated sul-

phate apatites occurs almost at the same temperature

interval as that of CO3Aps, at 650–830 �C. In sulphate
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apatites, the reaction is clearly exothermic without a

marked mass loss, leading to CaSO4 and pure apatite [83].

The presence of fluoride ions in A sites decreases the

decarbonation temperature of B-CO3Aps down to 500 �C

[77, 84] and a transition of the sulphate ion [72].

Cationic substitutions

Sodium substitution

The thermal behaviour of Na-containing carbonated apa-

tites [68, 75, 85–88] has shown very similar behaviour to

CaCO3Ap. Thermal stability of carbonate substitutions is a

little higher when Na substituted apatite is calcined [87,

88]. Heating precipitated sodium containing CO3Ap to

1000 �C causes decomposition to HAp, Na2O and CaO.

The composition will vary depending on the atmosphere

(CO2/H2O or N2/H2O) [3].

Magnesium substitution

(a) in fluorapatite

Precipitated FAp with various Mg content (Ca ? Mg/P = 1.6)

dehydrates up to 480 �C, but decomposes to Mg2F(PO4)

and FAp above 650 �C [89]. Carbonated fluorapatite with

Mg and Na substitution obtained by precipitation in pres-

ence of NH4
? was studied by means of TG-FTIR and XRD

analyses [68]. The crystal structure of the precipitated Mg

apatites is relatively labile; however, after release of vol-

atiles at 1000 �C, a more stable and crystalline apatite

forms. Water is evolved mainly before 500 �C in three or

four steps when heated in He, followed by thermal effects

producing a rearrangement of the structure. CO2 is evolved

over a wide temperature range, from 100 up to

800–1000 �C. Ammonia is evolved at 100–400 �C with a

sharp peak at about 280 �C for Na containing samples.

CaMgCO3Ap exhibits some greater thermally stability in

the presence of Na.

(b) in hydroxyapatite

A small amount of Mg (Mg/(Mg ? Ca = *6 mol%)

may substitute for calcium in HAp synthesized by the

precipitation method at 90 �C [90]. An increase in Mg

content decreases the precipitated crystallite size, led to

more irregular forms and agglomeration occurs. Magne-

sium is thought to destabilize the apatite structure. This can

be explained by the severe strain from much smaller ions

that introduces more defects and favours HAp decompo-

sition upon heating.

CO3Ap precipitated in the presence of Mg2? evolves

CO2 at 350–905 �C. An exothermic response up to 400 �C

provides energy for restructuring after the loss of water in

Mg substituted HAp [72, 91]. High Mg contents in syn-

thetic HAps (0.6 to 2.4 wt%) reduces the decomposition

temperature from 840 to 660 �C to form a magnesium-

substituted b-TCP or (Ca,Mg)3(PO4)2 [92]. The incorpo-

ration of Mg promotes the formation of b-TCP phase and

stabilizes the b-polymorph up to 1300–1400 �C [91, 92].

Inclusion of sodium in Ca–Mg CO3Ap appears to slightly

increase the thermal stability [68].

Other cationic substitution

Other cationic substitutions also decrease the HAp stabil-

ity. The degree of CaMnHAp decomposition depends on

the amount of Mn and the calcination temperature.

Hydroxyapatite with 0.1–1.0 wt% Mn does not decompose

until 800 �C. MnHAp containing 5.0 wt% Mn decomposes

at 800 �C to a-TCP and b-TCP with the formation of

Mn3O4 as a secondary phase. After heat treatment at

1250 �C, complete decomposition of HAp-Mn 5.0 wt%

produces a-TCP [93, 94]. Similar behaviour occurs when

HAp is modified with Zn [95–98], Ni [99], and Cd [100,

101].

CaZnFAp with Ca ? Zn/P = 1.9 precipitated from

ammonia salts contains a max of 25 atomic percent of Zn,

but a mixture of phases at higher Zn contents. The highly

non-stoichiometric apatitic phosphate is stable up to

500 �C, but a new phase CaZn2(PO4)2 is formed at higher

temperatures. Thermal stability of these samples decreases

with increasing Zn concentration possibly because of the

repulsion of small zinc ions from some of the cationic

positions in the FAp structure [102].

Unfortunately comparison of the impact of different

metallic substitution, based on published data, is compli-

cated due to the different levels of substitution and the use

of different analytical techniques.

Bioapatites

The mineral component of bone is generally agreed to be

based upon the apatite mineral structure. Bone mineral

contains a substantial amount of carbonate ion (5–8%),

mainly located in phosphate lattice positions. It is calcium

deficient, often containing Na, K, Mg, and Zn substitutions

with possible vacancies. Very few hydroxyl groups occupy

the apatite in bone [103, 104]. However, enamel has less

carbonate, and a higher concentration of hydroxyl ions.

Thermal behaviour of biological apatite (enamel, dentine

and bone mineral) has been extensively studied [8, 105–

109] also reporting the effect of heating atmospheres [75,

110].

Weight loss of bioAp from calcination can be observed

at three stages:
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(1) loss of water,

(2) pyrolysis of the organic matrix, and

(3) decarbonization and decomposition.

TG-MS and solid phase FTIR study of different bone

samples dried in vacuum show removal of water from 50 to

about 260 �C [105, 106]. This is in accordance with 1H

NMR results by Wilson who calcined bone to 225 �C and

observed water in two crystal lattice environments [56].

The organic component of bone is pyrolyzed (combustion

products are mainly water and CO2 in air) up to 600 �C [105,

108, 111]. Newly formed phases appear beyond 400 �C, and

include b-TCP, NaCaPO4, NaCl and KCl.

The carbonate in bone is much more labile than in

enamel and well-crystallized precipitated CO3Ap [3].

Carbon dioxide already released at 150 �C continues up to

900–1000 �C with different intensities depending on the

source of the sample. Carbonate is lost more quickly in

forming and maturing enamel, compared to the mature

enamel, giving a final weight loss at 800 �C.

A detailed study of calcined dental enamel samples

using FTIR spectra revealed the replacement of carbonate

ions in the apatite structure from B to A-type over

molecular CO2 and formation of b-TCP above 700 �C

arising from the evolution of CO2. The A-type carbonate

shows a weak decrease below 300 �C. Further heating

produces a systematic loss up to 700 �C. The B-type car-

bonate, however, shows a continuous weight loss. The loss

of A-carbonate may commence at 100 �C, followed by a

continuous weight loss [107].

The original placement of HAp within the collagen

matrix is progressively lost, producing a porous HAp at

700 �C, and a very low porosity HAp product at 900 �C

[108]. Carbonate evolution is similar with the synthetic

CO3Ap but depends on the type of sample, particularly on

F content.

The complexity of changes upon heating biological

apatites and the interest in producing a similar structure has

placed focus on low temperature processing routes. Spark

plasma sintering is a recently introduced technology, which

uses sintering under pressure, and plasma sintering, that has

successfully produced densified bodies at lower tempera-

tures thereby avoiding the phase transformations that nor-

mally occur upon heating [112].

Concluding remarks and future potential

The chemical flexibility of the apatite structure allows

many structural modifications to provide new properties.

This has caused problems in the past where research

articles do not provide the chemical purity of synthesized

apatites, but show a variation in the properties compared

to that reported by others. Both an improved knowledge

of apatite characterization and new processing capabili-

ties will play an important role in the development of

apatites. Weight loss occurs from both the surface and

the internal structure. Better understanding will be gained

from a well-characterized surface and structure, whilst

combining evolved gas analysis with thermal analysis

techniques.

The thermal stability and the transitions involving loss

of water, carbonate and decomposition are summarized in

Fig. 4. This shows that substitution of carbonate leads to

thermal instability, accentuating the need to minimize

carbonate if thermal stability is required. From the different

apatites, FAp is the most stable, followed by chlorapatite

and then hydroxyapatite.

Synthetic apatites and bioapatites release water from

their structure upon heating to 500–600 �C. This causes

reorganization of the apatite structure, in the case of
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carbonate substitution, with carbonate moving from the

B-position to the hexagonal axis, and a release of some

CO2.

Heating to 600–1000 �C refines the lattice, removes

most additives from synthesis, to create a more regular

apatite. Carbonate and sulphate located in the phosphate

position are evolved. The exact temperatures depend

mainly on the F-OH ion proportion in apatite. A fluoride

content favours a more regular apatite structure and

accordingly dislodges substitutional groups. Therefore, the

thermal stability of CO3-Aps depends strongly on their

exact chemical composition. Bioapatites are the most

complex compositionally, and have a complex thermal

behaviour. The thermal events are not completely under-

stood, requiring further study.

Dehydroxylation and defluoridation starts at about

800–900 �C, Fig. 4. This is a continuous process that ends

at about 1360 �C at atmospheric pressure with decompo-

sition to calcium tetraphosphate and tri-calcium phosphate

mixture. In the CaO-P2O5 system with a Ca/P = 1.67, an

atmosphere containing the same halogen as in the structure

(OH, F or CO2) can stabilize the apatite until higher tem-

peratures, Fig. 4. Thermal stability is lowered by inclusion

of additives that form more stable phosphates or calcium

compounds.

An analysis of the published results of apatite thermal

stability shows that

• A substitution of phosphate decreases the decomposi-

tion temperature leading to a secondary phase and a

more stoichiometric apatite.

• The thermal stability increases if the phosphate

substitution is compensated with a substitution of

calcium.

• Substitution of calcium with other metal ions decreases

the thermal stability as the deformation in the structure

increase; a greater difference in the cation size from

calcium probably leads to a lower decomposition

temperature.

Non-equilibrium heating and cooling can produce

crystalline phases for which the thermal stability has not

been determined. This includes the recrystallized fraction

in plasma sprayed coatings. The lack of studies in this area

is due to inability to locate and characterize the recrystal-

lized phase. Most of the attention has been placed on

crystallization of the amorphous phase, both in air and an

atmosphere with steam.
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