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Abstract: Functional osseoconductive coatings based on hydroxylapatite (HAp) and applied pref-
erentially by atmospheric plasma spraying to medical implant surfaces are a mainstay of modern
implantology. During contact with the hot plasma jet, HAp particles melt incongruently and undergo
complex dehydration and decomposition reactions that alter their phase composition and crystallo-
graphic symmetry, and thus, the physical and biological properties of the coatings. Surface analytical
methods such as laser-Raman and nuclear magnetic resonance (NMR) spectroscopies are useful tools
to assess the structural changes of HAp imposed by heat treatment during their flight along the
hot plasma jet. In this contribution, the controversial information is highlighted on the existence or
non-existence of oxyapatite, i.e., fully dehydrated HAp as a thermodynamically stable compound.

Keywords: hydroxylapatite; oxyhydroxylapatite; oxyapatite; tricalcium phosphate; tetracalcium
phosphate; Raman spectroscopy; MAS-CP NMR spectroscopy; 2D-HETCOR NMR spectroscopy

1. Introduction

Among various bioactive calcium orthophosphates utilized in medical devices, hy-
droxylapatite (HAp) takes on particular important roles. Applications are ranging from
coatings for hip and knee endoprostheses, to densified monolithic implants for dental root
replacement, to bone cavity filler, to three-dimensional bone repair scaffolds, and to ad-
vanced hybrid hydroxylapatite-polymer nanocomposites with enhanced osseoconductive,
angiogenic, and antimicrobial functions able to mimic salient biological properties. All
this is based on the chemical and structural similarity of hydroxylapatite to the inorganic
constituent of bone and teeth. Although non-stoichiometric biological apatite differs from
stoichiometric geological apatite in terms of crystalline order, crystallite size, defect density,
amount of hydroxyl anions, as well as degree of cationic and anionic substitution, synthe-
sized hydroxylapatite serves well as a proxy for its natural counterpart. Osseoconductive
hydroxylapatite coatings are being predominantly deposited on implant materials by at-
mospheric plasma spraying despite the fact that its crystallographic structure and phase
composition suffers from exposure to the high temperature plasma jet. Hence, to achieve
optimum biomedical performance of plasma-sprayed hydroxylapatite coatings in contact
with living tissue, their structural alteration in the hot plasma jet must be carefully assessed
and considered when designing coating systems for medical application.

Since hydroxylapatite coatings on medical implants will be in contact with extracellu-
lar fluid (ECF), their performance and structural changes were studied copiously in the
past by Raman [1–6], nuclear magnetic resonance (NMR) [7–11], and X-ray photoelectron
spectroscopies (XPS) [12]. Stammeier et al. [6] investigated the kinetics of the amorphous
calcium phosphate (ACP) to crystalline HAp transformation at ambient temperature and
pH = 9.2 by taking highly time-resolved in-situ Raman spectroscopy spectra at a rate of
100 spectra/h. Their results showed that after 18 h, transformation of ACP to crystalline
HAp occurred as demonstrate in a peak shift from 950 to 960 cm−1 as well as in a sharpen-
ing of the 960 cm−1 peak. Likewise, solid-state NMR work by Jäger et al. [11] revealed that
HAp nanoparticles possess a crystalline core with Ca/P = 1.67 akin to stoichiometric HAp
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but are covered by an approximately 1 nm thin disordered surface film with Ca/P~1.5
dominated by HPO4

2− anions and structural water. This leads to the conclusion that the
surface of n-HAp is critically different from bulk HAp, with important consequences for
the ability to bind protein molecules essential for osseointegration. Solid-state NMR in
conjunction with ab initio modelling has been found capable of fully describing the surface
structure and chemistry of HAp, essential to understand its reactivity towards the organic
matrix of bone [10].

The present contribution describes results of Raman and NMR spectroscopic in-
vestigations applied to assess the stepwise dehydration and decomposition reactions of
hydroxylapatite subjected to plasma spraying. Such information provides important clues
to predict the biomedical performance of HAp coatings, deposited on medical implants, in
contact with living tissue.

2. Structure of Hydroxylapatite

Hydroxylapatite, Ca10(PO4)6(OH)2 is a member of a large group of chemically differ-
ent but crystallographically identical compounds with the general formula M10(ZO4)6X2.
Today, some sixty members with this structure are known as natural minerals as well as
synthetic compounds. Large M cations are Ca, Sr, K, Na, Cd, Pb, Zn, La, Ce, and several oth-
ers; small tetrahedrally coordinated Z cations entering the structure may be P, V, As, Cr, Si,
C, Al, and S, whereas X are OH, Cl, F, CO3, and H2O, as well as vacancies � that are located
in the wide channels parallel to [00.1]. Hydroxylapatite crystallizes in the hexagonal space
group P63/m (S.G. 176). Figure 1A shows CaIO9 polyhedra chains (grey) parallel to [00.1]
with 63 screw characteristic. The chains share corners and edges with [PO4] tetrahedra
(green) to yield a hexagonal array. Figure 1B depicts details of the ion environment around
the c-axis. Two oxygen ions of the [PO4] tetrahedra are found above and below mirror
planes through z = 1⁄4 and z = 3⁄4. The non-equivalent Ca2+ ions are located at two different
positions: CaI at z = 0 and z = 1⁄2 along the three-fold axes ai (Wyckoff position 4f ), and
CaII at z = 1⁄4 and z = 3⁄4 along the hexagonal screw axis 63 parallel [00.1] (Wyckoff position
6h). Hence, considering the two non-equivalent Ca positions, a more accurate formula
of hydroxylapatite is [(CaI)4(CaII)6](PO4)6(OH)2. The X anions are located at z = 1⁄4 and
z = 3⁄4. Their exact positions depend on their size: the smaller F− anion in fluorapatite is
positioned exactly at the center of the triangles formed by the three CaII cations, the larger
OH− anion in hydroxylapatite is off-center by an increment δ = 0.36 Å [13] (Figure 1B).
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Figure 1. (A): Crystallographic structure of HAp with a hexagonal unit cell a = 0.9432 nm,
c = 0.6881 nm [14]. Blue spheres: Ca2+; green spheres: P5+; red spheres: O2−. CaIO9 polyhedra
chains parallel to [00.1] are linked by [PO4] coordination tetrahedra. © Reproduced with permission
of the International Union of Crystallography. (B): Details of the arrangement of the CaII ions at z = 1⁄4
and 3⁄4, and O2− ions surrounding the 63 screw axis parallel to [00.1]. The OH− anions are positioned
within the triangular CaII configuration at z = 1⁄4 + δ and z = 3⁄4 + δ [15]. © Reprinted with permission
from Elliott et al., Adv. X-ray Anal. 45, 172–181 (2002). Copyright 2002, JCPDS-International Centre
for Diffraction Data.
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3. Thermal Alteration during Plasma Spraying

Thermal exposure during their flight along the plasma jet renders HAp particles
to melt incongruently, i.e., they do not melt uniformly by retaining their stoichiometric
composition, but react and decompose to form two solids of different composition plus
liquid. This is shown in the inset of the CaO-P2O5 phase diagram where at 1570 ◦C
hydroxylapatite decomposes to form α-Ca3(PO4)2, Ca4O(PO4)2, and melt (Figure 2).

Prolonged heating causes the calcium phosphate-containing liquid to lose volatile
P2O5, thus shifting its composition along the liquidus line towards CaO-richer composi-
tions. This process is accelerated by reduction reaction with hydrogen that is frequently
added to the plasma-forming gases to increase the plasma enthalpy and, in turn, the heat
transfer rate from the thermal plasma to the HAp powder particles flying along the center
line of the plasma jet [16].

Coatings 2021, 11, x 3 of 14 
 

 

Figure 1. (A): Crystallographic structure of HAp with a hexagonal unit cell a = 0.9432 nm, c = 0.6881 
nm [14]. Blue spheres: Ca2+; green spheres: P5+; red spheres: O2−. CaIO9 polyhedra chains parallel to 
[00.1] are linked by [PO4] coordination tetrahedra. © Reproduced with permission of the Interna-
tional Union of Crystallography. (B): Details of the arrangement of the CaII ions at z = ¼ and ¾, and 
O2− ions surrounding the 63 screw axis parallel to [00.1]. The OH- anions are positioned within the 
triangular CaII configuration at z = ¼ + δ and z = ¾ + δ [15]. © Reprinted with permission from Elliott 
et al., Adv. X-ray Anal. 45, 172–181 (2002). Copyright 2002, JCPDS-International Centre for Diffrac-
tion Data. 

3. Thermal Alteration during Plasma Spraying 
Thermal exposure during their flight along the plasma jet renders HAp particles to 

melt incongruently, i.e., they do not melt uniformly by retaining their stoichiometric com-
position, but react and decompose to form two solids of different composition plus liquid. 
This is shown in the inset of the CaO-P2O5 phase diagram where at 1570 °C hydroxylap-
atite decomposes to form α-Ca3(PO4)2, Ca4O(PO4)2, and melt (Figure 2). 

Prolonged heating causes the calcium phosphate-containing liquid to lose volatile 
P2O5, thus shifting its composition along the liquidus line towards CaO-richer composi-
tions. This process is accelerated by reduction reaction with hydrogen that is frequently 
added to the plasma-forming gases to increase the plasma enthalpy and, in turn, the heat 
transfer rate from the thermal plasma to the HAp powder particles flying along the center 
line of the plasma jet [16]. 

 
Figure 2. Phase diagram of the water-free binary system CaO-P2O5 showing the incongruent melting 
of hydroxylapatite with Ca/P = 1.667 (inset) [17]. The compositions are given in cement chemical 
notation, i.e., C = CaO, P = P2O5. © Reprinted with permission from E.R. Kreidler and F.A. Hummel, 
Inorg. Chem., 1967, 6(5), 884–891. Copyright 1967 Am. Chem. Soc. 

The stepwise thermal decomposition of HAp starts with a dehydration reaction that 
produces disordered oxyhydroxylapatite (OHAp) and eventually oxyapatite (OAp) ac-
cording to Equations (1) and (2). 

Ca10(PO4)6(OH)2Ca10(PO4)6(OH)2 − 2xOx□x + xH2O, (1)

Ca10(PO4)6(OH)2 − 2xOx□xCa10(PO4)6Ox□x + (1 − x)H2O, (2)

Figure 2. Phase diagram of the water-free binary system CaO-P2O5 showing the incongruent melting
of hydroxylapatite with Ca/P = 1.667 (inset) [17]. The compositions are given in cement chemical
notation, i.e., C = CaO, P = P2O5. © Reprinted with permission from E.R. Kreidler and F.A. Hummel,
Inorg. Chem., 1967, 6(5), 884–891. Copyright 1967 Am. Chem. Soc.

The stepwise thermal decomposition of HAp starts with a dehydration reaction
that produces disordered oxyhydroxylapatite (OHAp) and eventually oxyapatite (OAp)
according to Equations (1) and (2).

Ca10(PO4)6(OH)2→Ca10(PO4)6(OH)2 − 2xOx�x + xH2O, (1)

Ca10(PO4)6(OH)2 − 2xOx�x→Ca10(PO4)6Ox�x + (1 − x)H2O, (2)

During thermal exposure, partially dehydrated hydroxylapatite (oxyhydroxylap-
atite, OHAp) was found to alter its crystallographic symmetry from the archetypical
P63/m to a triclinic P1 space group when the amount of structurally bound hydroxyl
groups is removed in excess of about 35% [18]. The reason for this triclinic distortion
has been tentatively attributed to tilting of the hydroxyl ions located in the c-channels
away from the channel axis. There are earlier statements that HAp retains its P63/m
space group up to a hydroxyl loss of 75%. Indeed, Liao et al. [19] reported that even
a loss of chemically bound water as high as 75% retains the channel structure of ap-
atite. The limiting composition is then Ca10(PO4)6(OH)0..5O0.75�0.75 that corresponds
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to a water loss of 1.34% [20]. According to Alberius-Henning et al. [18], the degree
of dehydration of 78% marks the onset of decomposition of the apatite structure. At
this point, the unit cell parameters of OHAp with triclinic P1 symmetry were deter-
mined to be a = 0.940023(3) nm, b = 0.939704(3) nm, c = 0.689967(72) nm, α = 90.0626(2)o,
ß = 89.7478(1)o, and γ = 119.9971(2)o, very close to a hexagonal metric (Table 1). OHAp
has been described formally either as a non-stoichiometric defect HAp [21,22] or a 1:1 solid
solution of stoichiometric HAp and OAp [23].

Even more mysteries surround the oxyapatite structure. Oxyapatite, Ca10O(PO4)6, the
product of complete dehydration of hydroxylapatite [24], was first proposed by the British
chemist John A. Voelcker [25], and subsequently identified as a natural mineral and named
voelckerite in his honor by the American mineralogist Austin F. Rogers [26]. However,
this elusive mineral was later correctly described as fluorapatite. Oxyapatite is known to
convert back to HAp during cooling of the as-sprayed coating in the presence of moist
air or by reacting with extracellular fluid (ECF) in vivo. This reaction is governed by the
equation O2−(s) + �(s) + H2O(g)→2OH− (s).

Although in the past the existence of oxyapatite as a thermodynamically stable com-
pound has been questioned [27–29], some evidence to the contrary exists [20,30]. Trombe
and Montel showed that OAp is only stable under vacuum or in water-free inert gases
between 850 and 1050 ◦C, but decomposes beyond 1050 ◦C into tri- and tetracalcium phos-
phates [30]. Modelling using density-functional theory with local-density approximation
(DFT-LDA) for considering the exchange and correlation parts of the electron interactions,
and first-principles pseudopotentials for the electron-ion interactions has postulated a
hexagonal defective ‘c-empty’ structure Ca10(PO4)6�2 with a stable total energy minimum
and an c0 value of 0.682 nm [31]. Earlier studies have assumed in the structure of OAp a
linear chain of O2− ions parallel to [00.1], each one followed by a vacancy, conforming to a
reduced space group of P6 by loss of the mirror plane m as shown in Figure 3B [32].
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Although the space group P6 suggested by Alberius-Henning et al. [32] could be
confirmed by the calculations of Calderin et al. [31], the c0 value found by the former
authors was only 0.673 nm, substantially shorter than that calculated by Calderin et al.
and even shorter than the experimental value of 0.6930(8) nm obtained by Gross et al. [33]
using synchrotron radiation (Table 1). Moreover, it was suggested by De Leeuw et al.
that the formation of water or oxygen defects and a pile-up of oxygen vacancies in the
c-channels (Figure 3B) is thermodynamically unfavorable [28]. In conclusion, the jury is
still out whether oxyapatite could be considered a thermodynamically stable compound in
the CaO-P2O5 phase diagram.

Unequivocal detection of OAp by conventional X-ray diffraction is difficult [34,35]
since its c-axis dimension is only marginally larger than that of HAp [35–37]. This results
in only a small shift of the (00.2) interplanar spacing towards smaller diffraction angles.
Consequently, very accurate measurements are needed as provided by single crystal
diffraction using high-resolution synchrotron radiation or neutron diffraction. The lattice
expansion during dehydration shown in Figure 3B is likely effected by the larger Shannon
crystal radius of the O2− ion (135 pm) compared to that of the OH− ion (118 pm).

Additional investigation by the present author using synchrotron radiation [38]
showed that atmospheric plasma spraying of stoichiometric HAp with comparatively low
plasma power (11 kW) results in reversible dehydration, yielding OAp with c0 = 0.6902(3)
nm, somewhat longer compared to the value of c = 0. 6881 nm found for stoichiometric
HAp. Figure 4A shows the synchrotron radiation diffraction pattern of plasma-sprayed
HAp powder with mean grain size around 120 µm. The only crystalline phases detectable
are OAp (Powder Diffraction File 04-011-1880 and 89-649) and ß-TCP (Powder Diffraction
File 9-016978). However, the strongly elevated background between about 25 and 35 o2θ
with a centroid of 31 o2θ suggests the presence of sizeable amounts of amorphous calcium
phosphate (ACP). Quantitative estimation of the ACP content by the Keller and Dollase
method [39] revealed ACP contributions of 25% (low plasma power: 11 kW) and 40% (high
plasma power: 24 kW), respectively. Figure 4B shows the synchrotron diffraction pattern
of the (00.2) and (00.4) interplanar spacings of HAp and OAp. Values of the scattering
vectors Q of the (00.2) and (00.4) interplanar spacings obtained from the Powder Diffraction
File are given for comparison, showing that the Q vectors measured are between those
of HAp (PDF 9-432) and OAp (PDF 89-649). From the measured Q-values of 1.821 Ǻ−1

and 3.640 Ǻ−1, the c0-values of OAp were calculated to be 0.6900(0) nm and 0.6904(6) nm,
respectively, approximately 0.3% longer than that of HAp with 0.6881(4) nm. This confirms
earlier data by Montel et al. [37].

During continuing exposure to high temperatures, OAp decomposes further to trical-
cium phosphate (α-TCP) and tetracalcium phosphate (TTCP) [30] according to

Ca10(PO4)6Ox�x→2 α-Ca3(PO4)2 + Ca4O(PO4)2. (3)
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Figure 4. (A): High-resolution synchrotron radiation diffraction pattern of HAp coatings, deposited
with low plasma power of 11 kW, show mainly oxyapatite with minor contribution of ß-tricalcium
phosphate [38]. Additional plasma spray parameters were selected as follows: plasma gas (argon)
flow rate 50 slpm, powder feed rate 18 g/min, spray distance 100 mm, and translation speed
30 m/min. (B): Scattering vectors Q (= 4π × sinθ/λ) of the diffraction profiles of three plasma-
sprayed HAp coatings around (00.2) and (00.4) interplanar spacings of HAp (blue) and OAp (pink).
Synchrotron radiation obtained from Angströmquelle Karlsruhe GmbH (ANKA), λ = 0.95 Å; step
size 0.05 o2θ; range 2.0–52 o2θ. © Reprinted with permission from R.B. Heimann, Materialwiss.
Werkstofftechn., 2009, 40(1–2), 23–30. Copyright 2009 Wiley.

Tetracalcium phosphate is the least stable calcium orthophosphate and crystallizes in
the monoclinic space group P21. In its structure, the Ca2+ and [PO4]3− ions are positioned
in four sheets that are perpendicular to the b-axis. Each sheet contains two Ca2+-[PO4]3−

columns and one Ca2+-Ca2+ column, yielding an structural arrangement similar to glaserite,
K3Na(SO4)2. Two neighboring sheets constitute a structure closely related to the HAp
structure [40].

At high plasma enthalpies, both α-TCP and TTCP further decompose, forming cyto-
toxic CaO according to

Ca3(PO4)2→3CaO + P2O5, (4)

or
Ca4O(PO4)2→4CaO + P2O5. (5)

Table 1 summarizes the space groups and unit cell parameters of HAp and its dehy-
dration and decomposition phases considered in this contribution.
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Table 1. Crystallographic data of dehydration and decomposition products of hydroxylapatite. S.G.
space group, HAp hydroxylapatite, m-HAp monoclinic hydroxylapatite, OHAp oxyhydroxylapatite,
OAp oxyapatite, TTCP tetracalcium phosphate, TCP tricalcium phosphate. n.d. = not determined,
* calculated crystallographical structures.

Phase S.G. a0 (nm) b0 (nm) c0 (nm) α (o) ß (o) γ (o) Reference

HAp P63/m 0.9432 0.9432 0.6881 120 [41]

HAp P63/m 0.9418 0.9418 0.68827 120 [42]

c-empty * P63/m 0.910 0.910 0.682 120.1 [31]

m-HAp P21/b 0.9421 2a0 0.6881 120 [43]

OHAp P1 0.9400 0.9397 0.6899 90.063 89.748 119.997 [18]

OAp P6 0.9432 0.9432 0.6881 120 [32]

OAp P6 n.d. n.d. 0.6902 n.d. [38]

OAp P6 n.d. n.d. 0.6931 n.d. [43]

OAp * P6 0.906 0.906 0.673 90.03 90.00 119.9 [31]

TTCP P21 0.7023 1.1986 0.9473 90.901 [40]

α-TCP P21/a 1.2873 2.7280 1.5213 126.208 [44]

ß-TCP R3c 1.0435 1.0435 3.7403 120 [45]

4. Raman Spectroscopy

The thermal alteration reactions of HAp described above can be traced by surface
analytical techniques, for example, by Fourier-transform infrared spectroscopy (FTIR) or
µ-laser-Raman spectroscopy (LRS) [46]. Figure 5A depicts the four principal Raman modes
ν1 to ν4 of the [PO4] tetrahedron. The ν1 band is the high-intensity symmetric stretching
mode of the P–O bond (point symmetry A1(R)), and the ν2 is the result of the doubly
degenerate O–P–O bending mode (point symmetry E(R)). Lower intensity vibrational
modes are ν3 related to the triply degenerate asymmetric O–P–O stretching mode (point
symmetry F2(I,R)), and ν4 related to the triply degenerate O–P–O bending mode, also with
point symmetry F2(I,R). Figure 5B shows details of the Gaussian–Lorentzian deconvolution
of the principal ν1 mode at 962 cm−1 as the main contribution typical for well-ordered
stoichiometric HAp, and minor contributions at 971 cm−1 assigned to ß-TCP and 949 cm−1

likely related to ACP.
Demnati et al. [47] reported the results of Gaussian–Lorentzian deconvolution of the

ν1(PO4) Raman stretching domain of a plasma-sprayed HAp coating deposited with low
plasma energy. They showed that the low intensity contribution of ACP around 950 cm−1

was masked by a strong signal of OAp. In addition, a second Raman band between 966
and 969 cm−1 was assigned to OAp. Hence, curve fitting revealed that OAp may be
characterized by two Raman bands at 950.43 ± 0.02 and 969.93 ± 0.01 cm−1. However,
the first vibration band might also be assigned to ACP [6] and the second one to ß-TCP
as indicated in Figure 5B. Hence, more sophisticated high-resolution surface analytical
methods must be employed to confirm or refute the stable existence of OAp outside the
experimental restrictions stipulated by Trombe and Montel [30].
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5. Nuclear Magnetic Resonance Spectroscopy

Even under the tenuous assumption that the general crystallographic symmetry of
HAp is maintained during plasma spraying at low plasma enthalpies, substantial changes
may be induced related to the spatial arrangement of ions, and thus, deviations from their
equilibrium positions. In particular, the CaI ions are shifted from their equilibrium positions
at z = 0 and z = 1⁄2, the [PO4] tetrahedra are distorted with a Baur distortion coefficient of
D1(TO) of ~0.3, the CaI-CaI distances are shortened with associated changes of the Ca–O
distances, and the sub-structural [Ca5(PO4)3]+ clusters are flattened along the c-axis. In
addition, the CaI-OII distances increase from 0.246 to 0.257 nm, and the CaI-OI distances
decrease from 0.240 to 0.230 nm [50]. These distortions have important consequences for
the thermal stability and dissolution behavior of plasma-sprayed HAp coatings.

5.1. MAS-CP NMR Spectra

To assess the lattice distortion and thus, the degree of disorder imposed by plasma
spraying, NMR is being used, an analytical technique able to reveal differently distorted
[PO4] tetrahedra and their association with [OH] groups [21,22,51–53]. NMR spectroscopy
can be carried out in magic angle spinning (MAS) and cross-polarization (CP) modes.
The positions and shift of 1H-MAS and 31P-MAS NMP bands are utilized to deduce the
environment of the [PO4] tetrahedra, and thus, allow to distinguish among short range-
ordered (SRO) dehydration phases such as OHAp/OAp and thermal decomposition phases
such as TCP and TTCP.

Figure 6A,B show 1H-MAS and 31P-MAS NMP spectra of as-sprayed hydroxylapatite
coatings [22]. Whereas highly crystalline, stoichiometric HAp is characterized by a single
proton position at −0.1 ± 0.1 ppm (Figure 6A, inset, band L), HAp exposed to the high-
temperature plasma jet shows additional band positions at −1.3 ± 0.3 ppm (band L*) as
well as 5.2 ± 0.3 ppm (band M), whereby the isotropically shifted band L* is associated
with protons in distorted short range-ordered (SRO) structures of thermally stressed HAp,
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and band M is attributed to isolated pairs of strongly coupled protons in the channels
parallel the c-axis [52]. The band G at 1.3 ppm belongs to mobile free water molecules.
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Figure 6. (A): 1H-MAS NMR spectrum of as-sprayed HAp. For band assignment see text. (B): 31P-
MAS NMR spectrum of as-sprayed HAp [52,53]. For band assignment see text. The insets show
spectra of highly ordered, stoichiometric hydroxylapatite [21]. Bruker AMX 400 (rotation rate
12.5 kHz, pulse length 2 µs, repetition rate 200 s). Dept. of Optic and Quantum Electronics, University
of Jena, Germany © Reprinted with permission from R.B. Heimann and H.D. Lehmann, Biomedical
Coatings for Medical Implants (Wiley-VCH, Weinheim, 2015). Copyright 2015 Wiley-VCH.

The assignment of NMR signals in the 31P-MAS spectrum is more complex. The inset
of Figure 6B shows the single band A of a completely ordered, highly crystalline HAp at
2.3 ± 0.1 ppm [21]. Thermal exposure by plasma spraying adds several additional bands
to the deconvolved NMR spectrum at 5.0 ± 0.2 ppm (band D), 3.0 ± 0.2 ppm (band C), and
1.5 ± 0.2 ppm (band B) that have been attributed [21,22] as follows: band D may belong
to very strongly distorted [PO4] groups without associated [OH], band C to distorted
[PO4] tetrahedra with single or paired [OH] groups, and band B to strongly distorted
[PO4] groups without nearby [OH]. These features have been tentatively related to TCP
+ TTCP (band D), OHAp (band C), and OAp (band B) [21,22] but may be open to other
interpretation. For example, although the 31P-MAS-NMR spectrum of Figure 6B shows a
noticeable D band, this band is missing in the HETCOR spectrum (Figure 7A), i.e., is not
correlated to protons. This may suggest that the D band is indicative of [PO4] tetrahedra
existing in a proton-depleted region of the apatite channel structure and thus, may belong
to OAp [53]. Moreover, in the 31P spectrum, the D band has been assigned to the typical
NMR band of TTCP under the reasonable assumption that with progressing loss of OH−

ions the nature of the decomposition product of HAp approaches the structure of TTCP,
along the dehydration/decomposition reaction chain HAp→OHAp→OAp→TTCP (+TCP)
as shown in Equations (1)–(3) and also expressed by the evolutionary structural sequence
P63/m→ P1→ P6→ P21 (see Table 1).
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Band assignments according to Ref. [21]. (B): 2D-1H/31P-CP-HETCOR NMR spectrum of a plasma-
sprayed HAp coating incubated for 12 weeks in simulated body fluid [55]. The cross-section of
the HETCOR spectrum at the proton frequency of band L shows reduction and disappearance,
respectively, of the HETCOR signals C-M, B-M, and B-N [54]. © Reprinted with permission from R.B.
Heimann and H.D. Lehmann, Biomedical Coatings for Medical Implants (Wiley-VCH, Weinheim,
2015). Copyright 2015 Wiley.

5.2. Heteronuclear Correlation (HETCOR) NMR Spectra

The 2D-double quantum 1H/31P cross-polarization heteronuclear correlation (HET-
COR) NMR spectra shown in Figure 7A,B are dominated by a cross-sectional A–L band,
typical for well-crystallized and close to-stoichiometric HAp. In addition, minor contribu-
tions of C–M (strongly distorted [PO4] tetrahedra with paired [OH]) and B–M (distorted
[PO4] tetrahedra with isolated paired [OH]) can be assigned to OHAp and Ca-deficient
ACP, respectively. The weak M and N bands in the 1H spectrum around 5 ppm and 7.5 ppm,
respectively, can be associated with isolated pairs of strongly coupled protons and isolated
[OH] groups in the HAp channels, signaling an advanced dehydration state. These NMR
results suggest that the investigated plasma-sprayed HAp coatings contain only more or
less stoichiometric HAp, partially dehydroxylated HAp (OHAp). Minor contributions of
TCP and TTCP are also present, as results of thermal decomposition of OAp as shown in
Equation (3).

The origin of the distortion of structural elements of HAp as described above [50]
is related to internal residual microscopic stresses. These stresses are the result of the
massive temperature gradient that is manifest when hot molten particles impinge on the
comparatively cool substrate surface. The hot particles will be instantaneously quenched
with cooling rates of 106–107 K/s. Since the contraction of the solidified particles is
constrained by their adherence to the micro- or nano-roughened substrate surface, strong
tensile and/or compressive surface stresses occur. These stresses are, at least in part,
responsible for the distortion of the crystallographic symmetry of the HAp particles splats.
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Prolonged contact of as-sprayed HAp coatings in vitro with simulated body fluid
(SBF) [55] or extracellular fluid (ECF) in vivo results in dissolution of easily soluble calcium
phosphate phases. Comparison of Figure 7A,B shows that most of the thermal decom-
position phases have disappeared and consequently, the amount of near-stoichiometric
HAp has substantially increased. However, it is remarkable that disordered HAp struc-
tures and TCP as well as TTCP remain in the coatings even after incubation for as long as
12 weeks. This is presumably the result of the dense nature of the coating that prevents
SFB from penetrating deeply into the coating body. Approximate quantification shows
that the amount of HAp strongly increased from about 50 mass% in as-sprayed coatings
to 75 mass% after 12 weeks immersion in r-SBF. Concurrently, the amount of disordered
HAp phases (OHAp/OAp) decreased from 36 mass% to only 16 mass%, and the amount of
TCP+TTCP remained roughly constant around 20 mass% [56]. The latter finding contrasts
with results obtained by Otsuka et al. [54] that TTCP dissolved much faster than ß-TCP
when immersed in SBF [57].

6. Biomedical Relevance

Today, hydroxylapatite-based coatings are copiously applied to implant surfaces to
elicit osseoconductive and, in the presence of adsorbed cytokines and non-collagenous
proteins, osseoinductive properties [58]. These coatings are being deposited predominantly
by atmospheric plasma spraying (APS) [16], a technology that provides an economically
and biomedically viable choice to functionalize metallic implant surface destined to be
in prolonged contact with living tissue. At present, deposition by APS of HAp onto
the stems of hip endoprostheses [59] or roots of endosseous dental implants [60] is the
only method approved by US-FDA to coat implant surfaces for clinical use [61]. There
exists a long list of contributions describing in many details the deposition technique,
physicochemical properties, and clinical performance of HAp coatings [62]. Stringent
property and performance requirements are codified by standard specifications [63–65].

Thermal dehydration and decomposition of plasma-sprayed HAp affect and control
the properties and the characteristics of bioceramic coatings. The fact that the OH−

positions of HAp can be occupied by mobile O2− ions or by vacancies is of vital importance
for understanding the kinetics of the dehydration reaction of HAp towards OHAp and
eventually OAp when subjected to high temperature during plasma spraying. Whereas
the occurrence and structural behavior of OH− ions in the HAp lattice has been recognized
and widely studied in synthetic material, natural biological bone-like apatite was found
to be essentially free of OH− ions when looking at Raman spectroscopy data [66,67].
Subsequently, this surprising finding was confirmed by NMR spectroscopy and inelastic
neutron scattering. Hence, contrary to the general medical nomenclature, bone-like apatite
appears to be non-hydroxylated. However, there has been found a strong correlation
between the concentration of OH− ions and the crystallographic degree of atomic order.
While it is not obvious how charge balance can be maintained within an essentially OH−-
free nanocrystalline apatite lattice, there are now suggestions [66,67] that the specific
state of atomic disorder, imposed biochemically by the body, is an essential precondition
of cell metabolism. In addition, there are assumptions that the lack of hydroxyl ions
in the lattice of nanocrystalline biological Ca-deficient HAp causes a high density of
vacancies along the c-axis (Figure 3B) and hence, a high mobility of Schottky-type defects
that in turn, influence its solubility and provide a mechanism for fast and efficient bone
reorganization by dissolution (osteoclastesis) and reprecipitation (osteoblastesis) during
bone reconstruction in response to changing stress and load levels according to Wolff’s
law [68].

7. Conclusions

HAp coatings for medical application [62] are in need of carefully designed and
optimized deposition conditions, achieved by closely controlling key properties such as
chemical and phase composition and degree of crystallinity. In addition, other intrinsic
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coating properties must be optimized including coating thickness, adhesion and cohesion
strength, porosity and pore size distribution, surface nanostructure and degree of fractality,
sign and strength of residual coating stresses, crystallographic orientation, and finally,
favorable dissolution kinetics during contact with extracellular fluid (ECF) when implanted
in the human body [62,69,70]. High-resolution surface analytical techniques such as Raman
and NMR spectroscopies are important tools to investigate and control composition and
structural state of HAp coatings designed to perform well as osseoconductive coatings for
a variety of medical implants.

Despite much progress related to the biomedical performance of plasma-sprayed
biomedical coatings based on hydroxylapatite, there is an urgent need for improvement.
Improvements may pertain to replacement of Ca2+ cations by metabolically important
elements such as Sr, Mg, K, Na, Zn, and others known to be present in biological apatite,
replacement of PO4

3− anions by CO3
2−, SiO4

4−, or SO4
2− as well as replacement of

OH− anions by Cl−, F−, O2−, and CO3
2−. Such replacement even in small concentration

affects many biochemical pathways in which bone matter is involved [58,69]. Finally,
tailoring the microstructure of plasma-sprayed hydroxylapatite surfaces by laser ablation,
chemical etching or mechanical roughening will lead to enhanced adhesion of bone growth-
supporting proteins and thus, promote adhesion, proliferation, vitality, and spreading of
bone cells [71].
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