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The main mineral component of bone is hydroxyapatite, a commonly nanocrystalline material which presents
many challenges for those trying to characterize it. Here, local structure is analyzed using X-ray total scattering for
synthetic samples, to enable a better understanding of the nanocrystalline nature of hydroxyapatite. Two samples
were measured dynamically during heat treatment from 25 �C to 800 �C, and were analyzed using small box
modelling. Analysis of sequential measurements when dwelling at key temperatures showed a significant rela-
tionship between time and temperature, indicating a process occurring more slowly than thermal expansion. This
indicates a decrease in B-type CO3

2� substitution between 550 �C and 575 �C and an increase in A-type CO3
2�

substitution above 750 �C. A greater understanding of local, intermediate, and long-range order of this complex
biomineral during heat treatment can be of interest in several sectors, such as in forensic, biomedical and clinical
settings for the study of implant coatings and bone diseases including osteoporosis and osteoarthritis.
1. Introduction

Bone is primarily comprised of a calcium phosphate crystallographic
phase often described as hydroxyapatite (HA), seen in Fig. 1 [1]. Many
ionic substitutions are frequently present in biogenic HA in contrast to
synthetic HA where fewer substitutions need to be considered. Perhaps
the most biologically significant substitution is carbonate (CO3

2�) which
accounts for between 5 wt % and 9 wt% of biological HA [2]. Carbonate
substitution has been seen to affect crystallite properties such as solubi-
lity, morphology, and size [3–6]. Composition of co-substituted A-type
and B-type carbonated HA is described by equation (1):

Ca(10-x) (PO4)(6-2x) (CO3)2x (OH)(2-y) (CO3)y Equation 1

where 2x represents the level of B-type CO3
2� substitution and y repre-

sents the amount of A-type CO3
2� substitution. A-type CO3

2� substitution
occupies the c-axis channel while the B-type substitution occupies the
tetrahedral site, often on one face of the PO4

3� [7–9].
The structural modifications of synthetic and biogenic HA during heat

treatment are important for several sectors including biomedical
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research, forensic science, and archaeology [10–14]. While the effects of
heat treatment on bone are heavily researched, the underlying chemical
processes are not well understood. Due to the multitude of factors that
can impact the result of heat treatment on the bone, many studies attempt
to undertake thorough and reproducible serials of controlled heat treat-
ment of biogenic, geological and synthetic HA [9,15–19], though few
examine these differences dynamically using X-ray diffraction (XRD) [9,
18,20].

During heat treatment several characteristics are commonly
observed. Reversible loss of unbound or surface H2O is observed from
room temperature to 200 �C [9,21]. Irreversible loss of lattice-bound
water (commonly thought to occupy the ion channel) occurs from 200
�C to 400 �C [9,20–22]. However, there are conflicting accounts con-
cerning structural changes between 400 �C and 700 �C. While Fourier
transform infrared spectroscopy (FTIR) analysis of dental enamel at room
temperature has shown a simultaneous decrease in B-type carbonate and
an increase in A-type carbonate when heated between 350 �C and 700 �C
[23], dynamic XRD analysis has indicated a relatively rapid change in
lattice parameters between 600 �C and 700 �C (dependent on HA source)
which corresponds to an increase in A-type or a decrease in B-type
2022
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Fig. 1. Hydroxyapatite unit cell: calcium is shown in blue, oxygen in red and
phosphorous in purple. The location of A-type CO3

2� is shown with the solid line,
and B-type CO3

2� is shown with the dashed line.
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carbonate [20]. Unfortunately, due to limitations of analytical techniques
(either XRD due to the nanocrystalline nature of most biogenic HA or
FTIR due to overlapping absorption bands) it is difficult to reliably
determine carbonate site distribution using these methods. Currently it is
unclear whether A-type carbonate increases during heating, or if this
‘transformation’ from B-type to A-type sites only occurs during cooling, a
process which is not well-understood [20]. Above 600 �C recrystallisa-
tion of HA begins, resulting in rapid crystallite growth [20]. Both
biogenic and synthetic HA are known to produce multiple phases during
heat treatment due to thermal decomposition of HA [10,20,24] at tem-
peratures above 710 �C–900 �C, depending on HA source (e.g. synthetic,
bone, tooth, etc.).

Several studies, perhaps most notably LeGeros et al. [25,26], have
recorded the consequence of both A-type and B-type CO3

2� substitution
on HA lattice parameters [27–29]. The limitation of most of these studies
is that synthetic samples are synthesized at elevated temperatures (in
excess of 80 �C) in an effort to exclude lattice-bound water. In other
synthetic samples synthesized at low temperatures, as well as biogenic
samples, this lattice-bound water and additional inclusions can further
confound interpretation of lattice parameters [30,31].

Currently most carbonate site determination is done via FTIR, using
either the ν2CO3

2� absorption band or the ν3CO3
2� absorption band,

though both present their own problems, particularly in biogenic samples
[32–36].

In this study, two synthetic HA samples were subjected to heat
treatment during simultaneous X-ray pair distribution function (PDF) and
XRD data collection that was subsequently analyzed using a small box
modelling procedure. This work is the first to examine the local order of
nanocrystalline synthetic hydroxyapatite dynamically over a range of
temperatures from 25 �C to 800 �C. The unique examination of lattice
parameters over time at each temperature allows for better analysis of the
processes which occur. This study is also the first examination of unit cell
structure dynamically during heating, not just the lattice parameters. It is
expected that examination of local order during dynamic heat treatment
will be beneficial to a range of disciplines such as clinical and biomedical
research, as well as validate previous dynamic and static observations.

2. Experimental section

2.1. Materials

Two synthetic apatites were used in this study with 4.68 wt% CO3
2�

(CHA-1) and 6.54 wt% CO3
2� (CHA-2). Both samples were synthesized

using the method described previously in Arnold et al. [37], and adapted
from the method described in Merry et al. [38]. Samples were
2

homogenized mechanically using an agate mortar and pestle and the
resulting powders were sieved using a 106 μm mesh. Only the sieved
powder was used to reduce preferred orientation effects and improve
particle statistics. Samples were characterized using conventional XRD,
total scattering and attenuated total reflectance (ATR) FTIR as described
in Arnold et al. [37]. Each method will be described in brief below.

2.2. XRD

Laboratory based XRD data were collected using a PANalytical X'Pert
PRO Multi-Purpose Diffractometer with Cu Kα radiation source. A PIXcel
strip detector was used to collect data from 10� to 80� 2θ. Topas (Bruker,
Version 4.1) was used to fit diffraction profiles using a full profile
refinement procedure. Lattice parameters (LPs) were calculated from all
samples after correction using internal spiking with a silicon standard
(NIST SRM 640c).

2.3. FTIR

FTIR was used to estimate carbonate levels to provide relative car-
bonate amount. Spectra were collected using a Bruker Alpha with a
diamond ATR crystal, and a scan range from 4000 cm�1 to 400 cm�1, 64
averaged scans and 4 cm�1 resolution. All FTIR spectra were analyzed
using Spectrum (PerkinElmer). Area was measured for the ν1ν3PO4

3� peak
and ν2CO3

2� peak after background subtraction. Spectra were deconvo-
luted until peak centers were apparent near A-type, B-type and labile
CO3

2� sub-bands (878 cm�1, 873 cm�1 and 866 cm�1). Three Voigt peaks
with peak centers fixed at values determined via deconvolution were fit
using PeakFit4 (Sigmaplot), once the spectra was limited to 910 cm�1 to
840 cm�1 and baseline corrected. A CO3

2� concentration calibration curve
described previously [39] was used to determine CO3

2� concentration
using the ratio of ν2CO3

2�: ν1ν3PO4
3� peak areas.

2.4. Total scattering

Experimental PDFs were acquired from I15-1 beamline at Diamond
Light Source, using 76.7 keV radiation (λ ¼ 0.161669 Å). Two data sets
were collected simultaneously, one used for total scattering analysis (Q-
range ¼ 0 Å�1 - 38.86 Å�1) and the other used for fitting of Bragg peaks
(Q-range¼ 4.05 Å�1

– 8.12 Å�1) using a full profile refinement procedure
similar to that used for laboratory XRD. DAWN [40] was used to integrate
the 2D area data to 1D data. Data was collected at 25 �C, 100 �C, 200 �C,
300 �C, 325 �C, 350 �C, 400 �C, 450 �C, 500 �C, 550 �C, 575 �C, 600 �C,
every 10 �C–700 �C, 750 �C and 800 �C. The heating rate between
temperatures was 10 �C min�1, and data was collected at each stated
temperature for 10 min. Decreased steps between temperatures were
chosen at key intervals based on literature [10,20]. A background (con-
sisting of an empty capillary) wasmeasured at room temperature, 400 �C,
600 �C, 650 �C and 700 �C. Details of which background collection was
subtracted from each temperature can be seen in Supplementary
Table S1.

The CHA-1 was measured with one frame per temperature, producing
a total of 24 frames covering 24 temperatures. CHA-2 was measured with
10 frames per temperature, producing a total of 230 frames. Due to
unanticipated shut-down of the beam, 19 of these frames held no useable
data, leaving a total of 211 frames which were used for further analysis,
covering 22 temperatures in addition to the single 10min frame collected
at room temperature.

GudrunX [41] was used to process PDFs with a Qmin ¼ 0.5 Å�1 and
Qmax ¼ 25.6 Å�1. Sample composition was calculated using the CO3

2�

concentration for all samples; Equation (1) was used to calculate
composition assuming no additional substitutions. Composition and
Si-spiked lattice parameters were used to calculate sample density. For
CHA-2, all frames from each temperature were used to calculate one PDF
to improve Qmax.

Topas6 Academic [42,43] was used to analyze PDF data. A silicon
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standard (NIST SRM 640c) was refined to determine instrumental
damping. Due to the typical platy morphology of nanocrystalline HA, a
nano-sheet damping profile was also applied during processing, with
refinement of the nano-sheet thickness according to Kodama [44] and
given below:

GsheetðrÞ¼

8>>><
>>>:

�
t � r =

2
�

t
if r � t

t
2r

if r > t

Equation 2

where t is the thickness of the nano-sheet and r is the radius of the PDF.
A P1 space group expanded from the structure given in Kay et al. [45]

was used for small box modelling, with symmetry constraints manually
imposed during fitting. Atomic coordinates describing the asymmetric
unit were refined and multiplicities were expanded using the Wyckoff
positions of P63/m, for all atomic species apart from the oxygen within
the ion channel (in the 4e Wyckoff position). Two positions were chosen
[(0,0,z) and (0,0,zþ½)] to be fully occupied. This method was chosen to
eliminate false peaks within the calculated PDF which arose from 4e sites
within the usual P63/m space group which are partially occupied. The
assumption that these sites are all simultaneously partially occupied
produces such false peaks, as some combination of sites present a
non-physical structure. Each PO4

3� was modelled as a rigid body with five
atoms: P, O1, O2, O3a and O3b. All rigid body parameters are shown in
Fig. 2. A spherical function was applied to determine temperature factor
in order to model correlated motion at a low radius [46]. The spherical
function is dependent on three parameters as given in Equation (3) and
seen in Fig. S1.
B¼

8>>><
>>>:

beqloþ ðbeqhi� beqloÞ

2
66641�

πr2
 
1
4

�
r

beqradius

�3

� 3
r

beqradius
þ 4

!

4πr2

3
7775; r < 2*beqradius

beqhi; r � 2*beqradius

Equation 3
This method resulted in a total of 40 refined parameters. The same
initial values were used for each refinement, and the refinement was
allowed to continue until the model converged.

3. Results

Two carbonated HA samples were analyzed over a temperature range
Fig. 2. Rigid body parameters, a) showing the radii P–O1, P–O2 and P–O3 and angles
plane (bisecting P, O1 and O2). c) rotation about the z axis where P, O1 and O2 are

3

from 25 �C to 800 �C. FTIR spectra for unheated samples are given in
Fig. S2. Selected exemplary small box refinements can be seen in Fig. S3.
Differences can be easily observed in data from both detectors, though
most notably in the low 2θ region (where Q < 1 Å�1) which decreases
significantly with increasing temperature. This implies a reduction in
small-angle scattering due to a change in nano-scale crystallite size.
Additionally, sharpening of peaks can be observed with a slight shift of
peaks to a lower angle (illustrated in Fig. 3a). A systematic shift is ex-
pected when examining materials at increasing temperatures due to
expansion of the lattice. When examining the PDFs in Fig. 3b, this sys-
tematic shift is readily apparent.

When considering results of small box modelling, the variation in
sheet thickness (the smallest dimension of the crystallite, refined using
Equation (2)) with respect to temperature should be noted (seen in Fig. 4)
as it can be compared to dynamic studies from literature. While differ-
ences were observed between the two samples analyzed at low temper-
atures, above 550 �C sheet thickness for both samples steadily increased.
3.1. Lattice parameters

Changes to the lattice parameters are shown in Fig. 5a and b. Of
particular note is the region from ~500 �C to 700 �C, which is seen in
greater detail in Fig. 5c and d and shows values of a and c for each frame
of CHA-2. While changes within the LPs are subtle, there is a rapid in-
crease in a between 575 �C and 600 �C followed by a more subtle
decrease (relative to expected thermal expansion) from 600 �C to 620 �C.
Concomitantly, a plateau is seen in the c axis over the same temperature
range (particularly visible in Fig. 5c and d).

To further examine these changes, lattice parameters for CHA-2 were
plotted and grouped according to the time in Fig. 5c and d. Using this
approach, significantly greater variation is observed in the c axis between
frames for each temperature interrogated relative to overall change in LP.
A clear trend can be seen in temperatures between 550 �C and 660 �C,
where c is highest for the first frame and gradually decreases as the frame
number increases (the dwell time at that particular temperature
increases).
O1–P–O2 and O1–P–O3. b) showing the torque angles O3a and O3b with the xy
now positioned on the mirror plane.



Fig. 3. a) Diffractograms and b) PDFs from detector 2 for CHA-1.

Fig. 4. Sheet thickness (t) correlated to temperature for both samples used in
dynamic studies. Error bars represent estimated standard deviation.
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To further examine these relationships, LPs were examined with time
of measurement (Fig. 6). For each temperature group, a linear regression
was performed to determine which LP changes were significantly
correlated with time (rate of change (Åmin�1) is given in Table S2). Clear
outliers (such as the last frame collected at 100 �C and the last frame
collected at 400 �C) were removed for both a and c before linear
regression. Five temperature sets saw a significant trend with time (p <

0.05): 550 �C, 575 �C, 700 �C, 750 �C and 800 �C. For four of these five
sets, a significantly increases while c significantly decreases, while at
700 �C both a and c decrease significantly.

This trend of decreasing LPs with dwell time indicates that there is at
least one process (such as increase or evacuation of CO3

2�) which is
occurring more slowly than both the ramp rate of heating between
measurements (10 �C min�1) and the measurement time (1 min/frame).
3.2. Unit cell contents

P1 stoichiometric structures were used to refine dynamic measure-
ments of CHA-1 and CHA-2. Fractional coordinates, rigid body parame-
ters and occupancies of atomic species were further analyzed below.

Fractional coordinates of the P63/m asymmetric unit were plotted
against temperature in Fig. S4. Rigid body parameters were plotted
4

against temperature in Fig. S5. Occupancy of atomic species were plotted
against temperature in Fig. 7 and Fig. S6.

It should be noted here that OH� was not observed in FTIR spectra
(absorption bands near 3560 cm�1 and 630 cm�1) for either CHA-1 or
CHA-2. However, an H–O–H absorption band arising from water is
apparent in FTIR spectra of both samples [23,47]. It is proposed that the
irregular refinement of the O(H) occupancy below ~300 �C corresponds
to lattice-bound water occupying the ion channel.

It is expected that the bond angles may change, as well as the posi-
tioning of the molecule within the unit cell in reaction to a potentially
changing environment around the rigid body. It would be anticipated if
the amount of B-type CO3

2� decreased then this would be reflected in the
rigid body through changes to bond lengths (at least one or more would
be expected to increase) and bond angles (a more tetrahedral arrange-
ment would be expected, compared to a more planar arrangement which
would suggest a higher substitution of B-type CO3

2�) [9].
When considering fractional coordinates (seen in Fig. S4), there are

no clear changes of P x and P y. Ca1 z increases by ~0.3% from 25 �C to
300 �C, and then remains constant. However, clear changes can be seen
in values for Ca2 x and Ca2 y. While Ca2 x does not change significantly
from 25 �C to 200 �C, its value decreases significantly from 300 �C to
~575 �C, and subsequently remains constant above 600 �C. In contrast,
Ca2 y increases significantly from 25 �C to 300 �C, remains constant from
~300 �C to 575 �C, and then decreases (more notably for CHA-2). When
O(H) z is considered, there is no substantial change until 300 �C. From
300 �C to 575 �C O(H) z remains constant and above 575 �C both samples
increase.

When examining rigid body parameters (seen in Fig. S5), few re-
lationships are present, though it should be noted all three P–O radii
slightly increase.

Several interesting trends are observed when the occupancies of
atomic species are considered (shown in Fig. 7 and Fig. S6). P occupancy
begins near 0.80 and 0.84 for CHA-2 and CHA-1 respectively. The oc-
cupancy of P steadily increases to ~0.9, the level of other low tempera-
ture synthetic samples (with relatively small CO3

2� concentration) at
room temperature. O1 site occupancy begins ~0.875 and increases to
~0.925 at 300 �C then varies greatly from 300 �C to 800 �C. Similarly, O3
site occupancy varies over the entire temperature range examined. In
contrast, O2 site occupancy increases from 25 �C to 400 �C, remains
constant until around 580 �C–600 �C, then decreases sharply above 600
�C. Occupancy of Ca1 increases slightly to 300 �C, decreases to 600 �C,
then rapidly increases above 600 �C. In contrast, Ca2 site occupancy
increases to 200 �C, stays constant until ~600 �C, then increases sharply.
It should be noted that while the occupancy of Ca2 increases to just above
1 for both samples, occupancy of Ca1 increases to ~0.9. The <1 occu-
pancy of Ca1may be a consequence of Naþ substitution, which would be



Fig. 5. Lattice parameters for dynamic measurements. a) and b) show a and c lattice parameters both CHA-1 and CHA-2 across all temperatures. c) and d) show a and
c lattice parameters for CHA-2 for each frame, from 500 �C to 700 �C. Lines which represent thermal expansion above 650 �C have been added to provide clarity. Error
bars represent estimated standard deviation in a) and b); for c) and d) error bars are omitted for clarity.
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expected from the synthesis method used [38,48]. Occupancy of O(H)
increases to ~350 �C, then decreases to ~600 �C.

Using the occupancies refined during fitting, the calcium:phos-
phorous ratio (Ca:P) was calculated for all temperatures and is shown in
Fig. S7. While Ca:P initial value is 1.85 for CHA-2 and 1.8 for CHA-1, it
decreases for both samples to ~1.75 at 800 �C.

beq parameters were also considered during analysis (seen in Fig. S8).
As temperature increases, beq radius decreases. Interestingly, beqlo for
both P, O1, O2 and O3 are consistently refined to the minimum allowable
value (0.001 Å2), as is O(H). While beqhi values for all atom species begin
increasing with increasing temperature, their patterns diverge above 300
�C. beqhi P steadily increases until between 500 �C and 575 �C, where
both decrease until about 630 �C. beqhi O1, O2 and O3 all increase
steadily over the temperature range measured. Interestingly, beqhi O2
seems to peak around 575 �C–600 �C, and decreases slightly above 600
�C. Perhaps of most interest here is beqhi of O(H), which increases until
around 300 �C, then sharply decreases above 300 �C.

4. Discussion

A previous study of synthetic HA using PDF analysis at room tem-
perature showed the dependence of several structural factors on CO3

2�
5

concentration [39]. The few studies that have examined heated HA
dynamically using XRD, such as Greenwood et al. [20] and Ivanova et al.
[9] showed key structural changes in the lattice parameters at tempera-
tures consistent with those of our study.

Consideration of sheet thickness shows that recrystallisation of the
mineral commences between 575 �C and 600 �C. Whilst this range is
similar to previous synthetic studies, recrystallisation begins at slightly
lower temperatures to those seen in biological samples [18,20]. This is
potentially due to the presence of collagen and other stabilizing organic
molecules. Greenwood et al. observed differences in the onset (and rate)
of recrystallisation dependent on species with varying quantities of
collagen, and as such variation between synthetic and biogenic samples
would also be expected. The likely cause in the difference of recrystal-
lisation seen here in Fig. 4 is the different CO3

2� substitution. It is readily
apparent that the sheet thickness is higher in CHA-1, with a lower CO3

2�

concentration, and that CHA-2, with a higher CO3
2� concentration, un-

dergoes more aggressive recrystallisation. As CO3
2� is known to increase

solubility [3,4], this may explain the increased rate of recrystallisation in
CHA-2 when compared to CHA-1.

This study was able to compare two synthetic samples at smaller
temperature steps than has been used previously (Ivanova et al. used
steps of either 25 �C or 50 �C). Ivanova et al. noted four ‘plateaus’ within



Fig. 6. Lattice parameters for dynamic measurements plotted against time of measurement since first measurement. a) and b) show a and c LPs respectively. c) and d)
show a and c LPs respectively between 550 �C and 800 �C. For each temperature, a linear regression was performed, and is shown using either a solid line for a
significant model (p < 0.05) or a dotted line for a model which is not significant (p > 0.05).
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lattice parameters for a synthetic sample which was dynamically heated:
300 �C–350 �C and 400 �C–450 �C for a and 250 �C–300 �C and 350
�C–450 �C for c. These differences from 300 �C to 350 �C and 250 �C–300
�C are attributed to loss of two types of structural water. A similar
‘plateau’ is observed for both the synthetic samples within this study
from 300 �C to 350 �C for both the a and c axis LPs. Further to this
dehydration, Ivanova describes two periods of ‘decarbonation’ accom-
panied by changes in LPs from 400 �C to 450 �C and 600 �C–750 �C.
While these are not observed within our study, significant changes are
measured from 575 �C to 680 �C. This difference, a significant increase in
a between 575 �C and 600 �C and a plateau in c from 575 �C to 620 �C,
can be attributed to either an increase in A-type CO3

2� or a decrease in B-
type CO3

2�. This is consistent with the results of Greenwood et al., where
in human bone, the changes in both a and c started at the same tem-
perature (580 �C) the change in c continued until 640 �C while the
change in a discontinued around 620 �C.

Perhaps most interesting is the examination of LPs for each frame of
CHA-2. From this analysis (particularly c) it is evident the changes
observed between temperatures are not instantaneous, but rather are
gradual over several minutes. As these changes are not seen to plateau
during the 10 min dwell period, there is a possibility that these changes
6

would continue past the point where temperature was changed in this
study.

This is supported by the analysis of LPs over each temperature. While
it is apparent that a great change occurs between 575 �C and 600 �C, seen
from the increase in a and the lack of change in c (an effective decrease
when considering the thermal expansion one would expect), more subtle
changes are seen in the surrounding temperatures. This is indicated by
the significant increase and decrease in a and c respectively at 550 �C and
575 �C, as well as a similar trend (though not significant) in the sur-
rounding temperatures. It is proposed that a considerable decrease in B-
type substituted CO3

2� occurs between 550 �C and 600 �C, with a rela-
tively small decrease in B-type substitution in the surrounding
temperatures.

Additionally, significant relationships are seen in both a and c for 750
�C and 800 �C, indicating another process occurring, again slower than
the time needed to increase the temperature and detectable beyond the
thermal expansion seen. The significant increase in a and decrease in c is
consistent with an increase in A-type CO3

2�, seen in heat treated dental
enamel when examined by FTIR [23], though no indication of this
change was seen in biological samples when examined with XRD [20].

From examination of fractional coordinates, rigid body parameters



Fig. 7. Occupancies of atomic species correlated to temperature for both samples. Error bars represent estimated standard deviation.
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and occupancy of atomic species, three distinct temperature ranges are
apparent: 25 �C–350 �C, 350 �C–600 �C and 600 �C–800 �C, similar to
those proposed by Ivanova et al. and Greenwood et al. [9,20]. Our data
suggests that the lower temperature range encompasses both the
reversible loss of adsorbed water and the irreversible loss of structural
water, well described in literature [9,20–22,49]. The second range is
structurally not well understood but is consistent with the loss of various
substitutional ions (HPO4

2�, Naþ, etc.) and the evacuation of B-type CO3
2�

[9,20]. The third range is commonly considered to include the loss of
CO3

2� and recrystallisation [18,20,22,50].
Themajority of significant changes above 600 �C are consistent with a

decrease in CO3
2� substitution observed in stoichiometric samples

measured at room temperature [39]. Ca1 z, Ca2 x, Ca2 y, O(H) z change
consistently with a reduction in the amount of B-type CO3

2�. A change is
expected in OH z corresponding to ‘ordering’ of OH� ions within the ion
channel which occurs during the heating process. Studies which have
previously examined HA after heat treatment (particularly biogenic HA
where the OH� absorption band in FTIR is often weak or absent in un-
heated bone) report an increase of the absorption bands near 3560 cm�1

and 630 cm�1 at temperatures of 300 �C or higher [16,23,51–53]. This
research presents the first time the ion channel was able to be examined
structurally during heating. We can see that the expected loss of lattice
bound water [22,54] is accompanied by no change in the z fractional
coordinate for the O(H), but a readily apparent contraction in the ion
7

channel, through a decrease in Ca2 x.
Changes to the Ca2 occupancy follow that of P closely, potentially

indicating that charge balancing of either PO4
3� vacancy or CO3

2� sub-
stitution may be primarily balanced by modification to the Ca2 site.
Though this change cannot be fully elucidated without elemental anal-
ysis, it is likely due to loss of substitutions (presumably Naþ due to the
synthesis procedure) during recrystallisation. Although the Ca:P ratio
appears variable, it decreases steadily towards 1.67 (the stoichiometric
value) as temperature increases. This is consistent with the recrystalli-
sation [20] where an increase in crystal size and order is concomitant
with fewer vacancies and substitutions.

Most temperature factors of rigid bodies seem to be unaffected on a
local scale by an increase in temperature, as would be expected. Of most
interest is the variation of the beqhi parameters for component atoms of
the rigid bodies, as previous studies on HA and other systems have shown
similar or equivalent parameters (temperature factors b or isotropic
displacement factors B) only increasing as temperature increases [19,
55–57].

While increasing CO3
2� concentration doesn't seem to affect local

order (beqlo) it does affect intermediate order (beqhi), as expected from
room temperature results. Each beqhi value is lower for CHA-1 than for
CHA-2 until around 600 �C when recrystallisation begins. Average
ordering of the ion channel (Ca2) seems to reach a maximum prior to
recrystallisation. An increase in correlated motion (a decrease in beqhi) is
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observed for the majority of atoms above the onset of recrystallisation.
This is not as prominent for O1 and O3, as these atoms are shared be-
tween the PO4

3� and the CO3
2� when substituted in the C1 position.

Further consideration of the beqhi values of O(H) indicates that the
OH� group begins to become more ordered at high r at around 300 �C,
and this order further increases with increasing temperature. This is
consistent with the findings of Shi et al. [23], where the emergence of an
OH out of plane bending vibration band (near 630 cm�1 [47,53]) was
reported when dental enamel was heated to 300 �C. The precise mech-
anism which causes the OH� absorption band to appear is not clear [52].
It is proposed the appearance or increase of these absorption bands
corresponds to a loss of lattice-bound water and an ordering of the OH�

ion, seen here above 300 �C.

5. Conclusions

Significant changes are seen in local order of carbonated and stoi-
chiometric HA, as would be expected from previous studies of local and
average order of synthetic hydroxyapatites [9,28,37,58,59]. However, it
should be noted that changes here are relatively quick, generally occurring
between two adjacent temperatures where previous studies have seen
much larger ranges in biogenically derived samples [20,23]. It is unclear
whether these differences arise from differences in experimental condi-
tions or differences in the material. The use of small box modelling
showed great success, both at room temperature previously [39] and
dynamic measurements here, though caution should still be observed for
samples which are known to be anisotropic, as this method does not allow
for any representation of crystallite anisotropy. Regardless, this method
presents a new approach to measure the smallest dimension of HA crys-
tallites. The consequence of a face-substituted CO3

2� has been examined on
a local scale, dynamically from 25 �C to 800 �C. Additionally, evidence has
shown that CO3

2� affects intermediate (and therefore likely average) order,
but not local order. Dynamic studies have agreed with previous studies,
both examining lattice parameters and crystallite size. This study has also
seen an increase in A-type CO3

2� at elevated temperatures, not seen before
using diffraction. Furthermore, ordering of OH� within the c-axis channel
during heat treatment has agreed with static FTIR studies. Observing both
the increase in A-type CO3

2� and the ordering of OH dynamically is the first
indication that these are not processes that occur during cooling, but that
they occur during heating. Further understanding of synthetic HA, and the
methods used to characterize the local order of this material can poten-
tially be applied to biogenic material in the future, with implications for
forensic, biomedical and clinical settings.
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