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SPECIAL COLLECTION: APATITE: A COMMON MINERAL, UNCOMMONLY VERSATILE

Tracking the thermal decomposition of plasma-sprayed hydroxylapatite†
Robert B. Heimann1,*
Am Stadtpark 2A, D-02826 Görlitz, Germany

1

Abstract
In modern orthopedics, plasma-sprayed hydroxylapatite coatings are applied routinely to metallic
parts of hip and knee prostheses, as well as to dental root implants to render them osseoconductive,
that is, able to assist the body in creating new bone by ingrowth of bone cells, blood capillaries, and
soft tissue. In this work, hydroxylapatite coatings were deposited by atmospheric plasma spraying on
titanium alloy substrates, and characterized by synchrotron radiation X‑ray diffraction and solid-state
nuclear magnetic resonance spectroscopy. The deposition parameters were varied using a statistical
design of experiments methodology. Depending on the degree of heat input and heat transfer rates, (1)
dehydroxylated hydroxylapatite phases such as oxy- and oxyhydroxylapatite, (2) thermal decomposition
phases (tri- and tetracalcium phosphates, CaO), and (3) amorphous calcium phosphate were formed.
Implications of this research are that oxyapatite appears to be unstable at ambient conditions, and that
proper selection of intrinsic plasma-spray parameters is key to the chemical stability and mechanical
performance of the coating.
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Introduction
The apatite group of minerals with about 60 members crystallizing in the hexagonal space group P63/m constitutes a scientifically and technologically important object of mineralogical
research ever since the father of mineralogy, Abraham Gottlob
Werner, described and named this mineral (Werner 1788). Calcium apatite serves mankind as an important source of fertilizer
(Childers et al. 2011), carriers of rare earth elements (Pålsson et
al. 2014), potential host material for nuclear (Vance and Gregg
2012) and non-nuclear (Pöllmann 2012) industrial wastes, and
increasingly, as a biomedical material for filling bone cavities
(Jarcho et al. 1976; Jarcho 1981), for bone (Pina and Ferreira
2012) and dental (Moseke and Gburek 2012) cements, as well
as coatings for endoprosthetic implants (Ducheyne et al. 1980).
It is this last application that is the subject matter of the present
contribution.
To improve the biological performance of endoprosthetic,
non-cemented hip and knee as well as dental implants, calcium
phosphate bioceramic coatings have been developed as a bone
growth supporting interface between the load-carrying metal
implant and the surrounding cortical bone tissue (Heimann and
Lehmann 2015). Hydroxylapatite-derived implant coatings are
known to be highly biocompatible as the bones of vertebrates,
including humans, consist of a composite structure of oriented,
nano-sized, non-stoichiometric hydroxylapatite crystallites intergrown with triple-helical collagen I microfibrils. Porous coatings
allow the unimpeded ingrowth of bone cells, encouraging progressive vascularization, thereby anchoring the implant solidly
* E-mail: robert.heimann@ocean-gate.de
† Special collection papers can be found on GSW at http://ammin.
geoscienceworld.org/site/misc/specialissuelist.xhtml.
0003-004X/15/1112–2419$05.00/DOI: http://dx.doi.org/10.2138/am-2015-5413

within the cortical bone bed. Currently, plasma spraying of tens
to hundreds of micrometer-sized hydroxylapatite particles is the
most popular and the only U.S. Food and Drug Administrationapproved method to coat implant surfaces for clinical application
(Campbell 2003). However, there are serious shortcomings to
this particular technique as the high temperature of the plasma
jet causes the partial dehydroxylation of hydroxylapatite to
oxyhydroxylapatite and/or oxyapatite. This leads to subsequent,
thermal decomposition by incongruent melting of the oxyapatite
to form tricalcium phosphate [Ca3(PO4)2, TCP] and tetracalcium
phosphate [Ca4O(PO4)2, TTCP] or even calcium oxide (CaO)
by progressive evaporation of phosphorus pentoxide (see for
example, Graßmann and Heimann 2000; Carayon and Lacout
2003). In addition, a thin layer of amorphous calcium phosphate
forms preferentially at the interface of the plasma-sprayed coating to the metal substrate due to the rapid quenching of the molten
impinging droplets, for which the heat transfer rates exceed
106 K/s (Heimann and Wirth 2006). During subsequent work it
became clear that oxyapatite was considered by some researchers
as the holy grail of implantology. Despite the diligent search for
oxyapatite, its documentation has proven to be elusive up to the
present day. In this contribution, the complex influence of the
conditions of the plasma-spray application on the phase composition of hydroxylapatite coatings will be traced with particular
reference to oxyapatite and amorphous calcium phosphate, key
compounds that indicate the pathway of thermal decomposition
of the initial hydroxylapatite feed material.

Materials and methods
Principle of plasma spraying
Plasma spraying is a rapid solidification technology that requires a device to
create a high-temperature jet of ionized argon or nitrogen gas in the form of a plasma. Such a device is called a plasmatron (plasma generator), which is powered by
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