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1. Abstract / Zusammenfassung 

In modern plastic and reconstructive surgery the application of biocompatible materials 

with adequate mechanical and chemical properties has become indispensable. For the 

treatment of skeletal defects, hydroxyapatite (HA) is well-established as a bone graft ma-

terial. As its chemical composition is very similar to the mineralized part of human bone, 

this material offers excellent biocompatibility and direct mechanical bonding to the host 

tissue. The healing process can be further enhanced by mixing HA with the more soluble 

tricalcium phosphate (TCP) to adjust the implant’s resorption rate to that of new tissue 

formation. Moreover, to stimulate bone ingrowth, it is crucial to produce ceramic scaffolds 

with interconnected porosity and pore diameters of 100-500 µm. Various processing 

methods have been proposed for the fabrication of such scaffolds. However, due to both 

technical and economic considerations, few of them have been scaled up for industrial 

production.  

Our motivation was to explore vapor transport sintering (VTS) as a novel and potentially 

cost-effective process for the near-net shape manufacturing of custom-made implants. 

Starting from synthetic powder precursors, the microstructure development of HA and 

TCP ceramics, as well as biphasic mixtures thereof, was studied for systems with both 

halide acids and solid chloride agents. Chemical and phase analysis were performed to 

monitor potential substitutional reactions and phase conversions upon processing. Anal-

yses were carried out with scanning electron microscopy (SEM) with integrated energy-

dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier-transformed infrared 

spectroscopy (FTIR) and X-ray fluorescence (XRF). Furthermore, for gathering a theoreti-

cal understanding of the vapor transport process, thermodynamic calculations were car-

ried out for various systems. Among the foremost aims of the investigation was the identi-

fication of suitable halide reagents to enhance material transport through the vapor 

phase, as well as the validation whether large enough pore diameters could be generated 

by this processing method. As it turned out, pore coarsening stagnates after reaching 

diameters of about 5 µm. Thus, the combination of VTS with other processing techniques 

is necessary to create adequate macroporosity. The promising results obtained for sinter-

ing in AgCl atmosphere, suggested the combination of macroporous precursors with vapor 

transport sintering as a potential technique to create a novel composite material. For this 

purpose, coral skeletons and sea urchin spines were hydrothermally converted into calci-

um phosphate scaffolds. Subsequent AgCl-sintering not only stimulated enhanced material 

transport through the vapor phase, but also caused the condensation of fine Ag-bearing 

particles throughout the ceramic scaffold. The resulting surface modification lends anti-
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bacterial properties to the composite material which are expected to decrease post-

surgical inflammation risks. 

 

In der modernen plastischen und rekonstruktiven Chirurgie ist der Einsatz biokompatibler 

Materialien mit geeigneten mechanischen und chemischen Eigenschaften unverzichtbar 

geworden. Für die Behandlung von Knochendefekten hat sich Hydroxylapatit (HA) als ein 

Werkstoff mit hervorragender Biokompatibilität erwiesen. Da seine chemische Zusammen-

setzung der des mineralisierten Anteils des menschlichen Knochens weitgehend ent-

spricht, bietet dieses Material hervorragende Biokompatibilität und direkte mechanische 

Anbindung an das Gewebe. Der Heilungsprozess lässt sich durch Beimischung des leichter 

löslichen Tricalciumphosphats (TCP) zu HA weiter verbessern, da auf diese Weise die Re-

sorptionsrate des Implantats an die Neubildungsrate von Knochengewebe angepasst wer-

den kann. Um die Versorgung der knochenbildenden Zellen mit Nährstoffen zu gewähr-

leisten, ist es von entscheidender Bedeutung, keramische Gerüste mit interkonnektieren-

der Porosität und Porendurchmessern von 100-500 µm herzustellen. Unter Berücksichti-

gung dieser Anforderungen wurde eine Vielzahl von Herstellungsverfahren für derartige 

„Scaffolds" vorgeschlagen. Aufgrund von technischen und wirtschaftlichen Erwägungen 

wurden bisher jedoch nur wenige zur industriellen Produktionsreife geführt. 

Unser Forschungsinteresse galt Gasphasensintern als einem neuartigen und potentiell 

kostengünstigen Verfahren zur endkonturnahen Herstellung individuell gefertigter Implan-

tate. Von synthetischen Pulvern ausgehend wurde die Gefügeentwicklung von HA, TCP 

und biphasischen Mischungen der beiden Stoffe (BCP) für Systeme untersucht, denen 

entweder Halidsäuren oder feste Chloride als Sinteradditiv zugegeben waren. Chemische 

Analysen und Phasenbestimmungen wurden durchgeführt, um mögliche Substitutionsre-

aktionen und Phasenumwandlungen während des Herstellungsprozesses nachzuvollzie-

hen. Die Untersuchungen wurden mittels Rasterelektronenmikroskopie (SEM) mit inte-

grierter energiedispersiver Röntgenspektroskopie (EDS), Röntgendiffraktometrie (XRD), 

Fourier-transformierte Infrarot-Spektroskopie (FTIR) und wellenlängendispersiver Rönt-

genfluoreszenzspektroskopie (XRF) vorgenommen. Um darüber hinaus ein theoretisches 

Verständnis des Gasphasenprozesses zu erhalten, wurden für zahlreiche Systeme thermo-

dynamische Berechnungen durchgeführt. Zu den wesentlichen Zielen der Untersuchung 

zählte einerseits die Identifizierung geeigneter Halid-Reagenzien, um den Materialtrans-

port in der Gasphase entscheidend zu verbessern, andererseits die Überprüfung, ob mit 

diesem Herstellungsverfahren ausreichend große Porendurchmesser erzielt werden kön-

nen. Wie sich herausstellte, stagniert die Porenvergröberung nach Erreichen von Durch-
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messern in der Größenordnung von 5 µm. Um eine adäquate Makroporosität zu erzeugen, 

ist daher die Kombination von Gasphasensintern mit anderen Verfahren erforderlich. Die 

vielversprechenden Ergebnisse der Sinterversuche in AgCl-Atmosphäre legten nahe, mak-

roporöse Ausgangsmaterialien dem Gasphasensintern zu unterziehen, um einen neuarti-

gen Kompositwerkstoff herzustellen. Zu diesem Zweck wurden Korallenskelette und See-

igelstacheln hydrothermal in Calciumphosphat-Gerüste umgewandelt. Anschließendes 

AgCl-Sintern verstärkte nicht nur den Materialtransport in der Gasphase, sondern führte 

außerdem zur Kondensation fein verteilter Ag-haltiger Partikel im Inneren des kerami-

schen Gerüsts. Diese Oberflächenmodifikation verleiht dem Kompositwerkstoff antibakte-

rielle Eigenschaften, von denen eine Senkung post-operativer Entzündungsrisiken zu er-

warten ist.  
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2. Literature Review 

2.1. Biominerals and Biomaterials* 

Biomineralization denotes the formation of inorganic solids deposited in biological systems 

(Mann 2001).1 The often intricate and light-weight structures synthesized under ambient 

conditions from compounds abundant in nature have long been a source of inspiration for 

material scientists. Once designed by nature’s changing course, biominerals may serve a 

specific purpose, such as the hard apatite fibers vertebrate teeth are composed of,4,5 or 

the magnetite crystals (Fe3O4) of so-called magnetotactic bacteria that guide them within 

the earth’s magnetic field.6 Other conspicuous properties seem to have developed rather 

by chance, such as the characteristic shimmer of nacre, a composite material which has 

an astounding durability under strain, shielding mollusks from predators and tidal forces.7 

From an anthropological point of view, the most relevant class of biominerals is calcium 

phosphates, as hydroxyapatite (HA; Ca10(PO4)6(OH)2) forms part of our bones, tendons 

and teeth. According to Weiner and Wagner (1998), the term bone “refers to a family of 

materials each with a somewhat different structural motif, but all having in common the 

basic building block, the mineralized collagen fibril.“8 Human bone tissue is an intriguing 

example for a complex composite material with a hierarchical structure made of inorganic, 

organic and living components. It consists of hard apatite platelets mineralized within a 

fabric of tough protein fibrils, some interstitial water, as well as a variety of bone-forming 

(osteoblast), -colonizing (osteocyte) and -resorbing (osteoclast) cells, constantly remodel-

ing the bone to adapt it to changing mechanical loads (Figure 1). Moreover, the material 

bone is organized on several hierarchical levels, ranging from the nano-sized basic con-

stituents over the mineralized fibril, fibril arrays and array patterns, cylindrical arrange-

ments of the osteons over regions of spongy or compact bone, up to the macroscopic 

whole.8 There has been extensive research on the relationship between the structure of 

bone, including the degree of mineralization that determines stiffness (Young’s modulus), 

and its mechanical properties;9 values for human bone are given in section 2.3.4, Table 1. 

The mineral content of mammal bone depends on tissue age as well as functional re-

quirements, ranging from 50 wt% for the cancellous bone of an agile deer to 80 % for 

the lumbering whale. However, the function of bone is not restricted to the mechanical 

stabilization of the organism, but it also acts as a reservoir for calcium and phosphate 

which are necessary for various metabolic processes.  

 

                                           
* If no other source is referred to in this chapter, recourse has been made to the handbooks of 

Mann (2001),1 Epple (2003),2 as well as Wong and Bronzino (2007).3 
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Figure 1: Constituents of human bone (after Epple 2003).2 

 

Crystallites synthesized under physiological conditions are generally rather small, so that 

their structure is not easy to determine. “Biological” HA (mineral name: dahllite) contains 

Na, Mg and carbonate, among other impurities.10,11 HA platelets in mature bone are about 

50 x 25 x 4 nm in size.12-14 In view of the hexagonal crystal symmetry of dahllite (     ), 

the oblong morphology seems unusual and may indicate growth via an octacalcium phos-

phate (OCP; Ca8(HPO4)2(PO4)4∙5H2O) transitional phase.14,15 OCP has a platy and tape-like 

habit and its triclinic structure (  ̅) comprising intercalated hydrated layers – metastable 

under the given conditions – will hydrolyze to form HA.  

Some biominerals are used as precursors for the fabrication of bone replacement materi-

als. Apart from calcined bovine bone which offers a similar chemical composition,16,17 the 

highly porous structures of calcareous algae and corals have striking resemblance with 

human interstitium (interstitial bone) and can be applied directly or after hydrothermal 

conversion into HA.18-21 Thus, they are transformed from a biomineral into a biomaterial. 

Biomaterials restore body functions, either alone or in conjunction with electric or elec-

tronic devices (Epple 2003).2 Modern biomaterials in clinical use, such as artificial skin or 

veins, hip prostheses, cardiac pacemakers or dental implants all rely on the development 

of materials meeting high standards regarding their mechanical, chemical and biological 

compatibility with bodily functions.  

Mechanical compatibility comprises the reliable fixation within the host tissue, as well as 

sufficient strength and toughness, ideally for the remaining lifetime of the patient. How-

ever, the stiffness of the implant material should not exceed that of the adjoining host 

tissue to avoid the latter’s degeneration (stress shielding).22  

Chemical compatibility is given for a material that integrates well into the surrounding 

tissue without irritating it. It should be noted that bodily fluids are aggressive chemical 

media, due to their salt content, elevated temperature, as well as the biological activity of 

enzymes, macrophages and bacteria. If resorption of the implant is desired, as for most 
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bone graft applications, the degradation rate should match that of new tissue formation. 

Otherwise degradation due to corrosion or abrasive wear should be either non-existent or 

controlled without the release of toxic degradation products. 

Biological compatibility comprises the absence of an immune response that may lead to 

inflammations or encapsulation of the implant, as well as non-toxic and non-carcinogenic 

behavior. Suitable conditions for the proliferation of bone-forming osteoblasts can be ac-

tively created by setting the appropriate pH, adjusting the surface morphology, encourag-

ing the release of certain ions, and so on. For classification purposes, further distinctions 

can be made between bioinert, biocompatible and bioactive materials, denoting the de-

gree of interaction with the host tissue. 

 

2.2. Bone Implant Materials 

2.2.1. General Remarks 

According to the German Medical Technology Association (BVMed),23 nearly 12.8 billion 

Euro are spent on medical devices annually, not including related services, making Ger-

many the third largest market after the U.S. and Japan. Constantly rising case numbers of 

degenerative joint disease are the direct result of an ageing population.24 More than 

200,000 artificial hip implantations per year in Germany demonstrate the routine charac-

ter of these surgical interventions.23 Regarding bone graft applications in non-load bearing 

sites, the main objective is the repair of defects caused by trauma or tumor resection. 

Autogenous cancellous bone harvested from the iliac crest has been used as the standard 

graft procedure for many decades, since it combines all major requirements for the for-

mation of new bone:25-28 

i. Scaffolding for osteoconduction, i.e. the implant acts as a support for bone in-

growth to achieve strong interface bonding (HA, collagen). 

ii. Growth factors for osteoinduction, i.e. the active stimulation of progenitor cells to 

differentiate into bone-forming osteoblasts (non-collagen bone matrix proteins). 

iii. Progenitor cells for osteogenesis, i.e. the mineralization of new bone tissue. 

Although considered as the ideal graft material, autogenous bone is sometimes not avail-

able in sufficient quantity, and harvesting carries the risk of complications, such as addi-

tional pain and blood loss as well as infection and donor site instability, leading to an in-

creased patient recovery time.29-32 To circumvent those problems, allograft bone, which is 

obtained from another subject of the same species (i.e. human corpses), can be freeze-

dried and stored in large bone banks for later utilization. However, this approach involves 
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considerable expense and the risk of transmitting viruses or bacteria,33 as well as of a 

deleterious immune system response.34,35 

To avoid the general drawbacks of autografts and allografts, there is a critical need to 

develop new materials for bone substitution. The ideal bone substitute should be (i) toler-

ated by the host tissue without any adverse reaction, (ii) reveal mechanical properties 

similar to bone with high reliability, and (iii) be completely resorbed through the natural 

bone remodeling process after fulfilling its initial function to stabilize the defect.2 Due to 

the differing functional demands directed at, for example, an artificial hip coating or fillers 

for bone regeneration in atrophic sites, compromises between material properties are 

necessarily made when choosing a suitable material. Over the last century, a broad range 

of both experimental and commercialized materials for bone repair, substitution, or aug-

mentation have been developed comprising metals, ceramics, bioactive glasses and poly-

mers.3,36-39 Stress shielding due to the mismatch of the elastic moduli of implant and bone 

can be avoided by designing composite materials. 

 

2.2.2. Metallic Biomaterials 

Metallic prostheses are valued for their high mechanical strength. Due to their inherent 

elasticity and unlike brittle ceramics, they are not prone to catastrophic failure, although 

they may be subject to fatigue. Furthermore, their processing is comparatively cheap. 

However, corrosion and abrasive wear pose a medical risk, as the release of particles or 

ions may cause allergic or toxic reactions. The widespread use of metal implants for bone 

graft applications began with the invention of stainless steel in the 1920ies. Further pro-

gress was made following the ascent of titanium and its alloys after the Second World 

War. Due to the formation of a passivating oxide layer (TiO2), the light metal titanium 

remains insoluble even under aggressive chemical conditions. For porous implant materi-

als, tissue ingrowth has been observed which facilitates their permanent fixation.40,41 

Moreover, coating with calcium phosphates is possible, lending bioactive properties to the 

material.42  

 

2.2.3. Polymeric Biomaterials 

Polymers are another important class of materials for medical applications. Due to the 

advances of modern polymer chemistry, material properties (elastic/hard, degrada-

ble/durable, etc.) can be adjusted within a wide range by variation of the polymer chains. 

Processing techniques such as extrusion, foaming, or weaving are well-established for the 
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creation of complex shapes. Moreover, the chemical and/or biological functionalization of 

the implant’s surface is possible. However, critical mechanical properties, such as me-

chanical strength, hardness and wear resistance, remain inferior to that of metals, where-

as the relatively low density might be of advantage. In clinical practice, degradable poly-

mers, i.e. mainly polyglycolide and polylactide, may be used as surgical threads, for 

wound dressings or systems for controlled drug release. Moreover, they serve as sub-

strates for tissue engineering making use of extracorporally grown cells to restore bodily 

functions. Among the non-degradable polymers, ultra-high molecular weight polyethylene 

(UHMWPE) is part of tribological pairings in knee and hip prostheses, due to its high wear 

resistance. For fixation of artificial hips within the femur, but also to cover cranial defects, 

the bioinert polymethylmethacrylate (PMAA) is used as cement that hardens within 

minutes during surgical treatment. 

 

2.2.4. Ceramic Biomaterials 

The third major category of biomaterials is ceramics. Termed bioceramics, they are spe-

cially designed for the repair, reconstruction and replacement of diseased or damaged 

parts of the body (Hench 1998).43 Bioceramics fall into two broad categories: Bioinert ox-

ide ceramics, as well as biodegradable and/or bioactive ceramics that are mostly calcium 

phosphate-based. The advantageous hardness of many ceramics goes along with charac-

teristic brittleness, making implants prone to catastrophic failure.44-47 Thus, sophisticated 

processing techniques, as well as great care during handling, are required to prevent the 

formation of crack-inducing flaws. 

Among the bioinert ceramics,24,48,49 high-purity alumina (-Al2O3; corundum) is the most 

widely used oxide ceramic material. It has proven particularly valuable for surgical im-

plants subject to high mechanical loads, such as dental crowns, or joint heads and sock-

ets of artificial hips. Its exceptional hardness – defining Mohs hardness 9 – provides struc-

tural integrity as well as outstanding resistance to abrasive wear, as surfaces with very 

low roughness can be obtained by polishing. Friction is further reduced by the formation 

of a fluid film, owing to the good wettability of alumina. Pairings of alumina-alumina 

yielded better clinical results than other tribological systems, such as alumina-UHMWPE 

and metal-UHMWPE, for total hip replacement.22 For long-term stability in orthopedic ap-

plications, ceramic processing is optimized to achieve a microstructure that is fine-

grained, homogeneous and near-theoretical density. Another advantage of alumina is the 

excellent corrosion resistance under aggressive physiological conditions. However, its 

presence in the human body provokes the formation of a fibrous membrane encapsulating 
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the implant. Thus, bioinert ceramics can only be attached to the host tissue by mechani-

cal interlocking or tissue ingrowth into jagged surfaces.  

An alternative hard ceramic material is zirconia (ZrO2; Mohs hardness 8½) used in ortho-

pedic and dental applications. Specific advantages over alumina are its higher fracture 

toughness and flexural strength due to a transformation toughening mechanism impeding 

crack propagation.50 However, due to an increasing awareness of high fracture rates re-

lated to implant ageing, the formerly widespread use of Yttria-stabilized zirconia balls (Y-

TZP) for femoral head replacements has stalled.51-53 In search of alternatives, research 

has focused on alumina-zirconia composites.54 Also, zirconia ceramics are increasingly 

used in dental applications, partly because of their aesthetic benefits. Other types of den-

tal ceramics are based on alkali feldspars used for the embellishment of metal-ceramic 

bridges as well as for all-porcelain crowns. Also into the category of bioinert ceramics fall 

pyrolytic carbon coatings deposited on metal substrates, making mechanical heart valves 

resistant to blood clot formation.55 

Introduced by Hench,56,57 silica-based bioglasses derive their bioactive properties from 

their CaO (30-35%) and P2O5 content (10-15%). Depending on the amount of SiO2 add-

ed, they can be made bioinert or -degradable. Bioactive behavior, i.e. direct bonding be-

tween implant and bone, is facilitated by the creation of suitable conditions at the im-

plant’s surface causing the nucleation of carbonate-substituted HA followed by cell at-

tachment and bone mineralization. Biodegradable ceramics are subject to resorption upon 

implantation, while new bone tissue is formed in their place. Regarding other biodegrada-

ble ceramics, natural corals (Biocoral®)21,58,59 and the rapidly dissolving calcium sulfate 

hemihydrate,60,61 better known as Plaster of Paris, have received less consideration de-

spite good clinical results. However, the materials that most closely resemble the compo-

sition and properties of human bone are based on calcium phosphate.62,63 In the follow-

ing, the discussion will focus on calcium phosphate ceramics as a well-established bone 

graft material that combines acceptable mechanical properties with excellent bioactivity. 

 

2.3. Calcium Phosphate Ceramics 

2.3.1. General Remarks 

The first clinical attempt to use a calcium phosphate (CaP) material to repair a bone de-

fect was reported by Albee as early as 1920.64 For the last 30 years, CaP bioceramics 

have been routinely used in medicine and dentistry.65-68 Recent applications include bone 

substitution or augmentation, cement pastes for implant fixation, coating of orthopedic 
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and dental prostheses, as well as controlled drug delivery through material degrada-

tion.63,69,70 Depending on whether mechanical stability, resorbability or related properties 

have priority for a given application, different CaP phases or phase mixtures may be used. 

CaP materials generally show excellent biocompatibility, osteoconductive properties, and 

the capability to bond directly to newly formed bone tissue.71,72 Despite these advantages, 

insufficient mechanical stability of the brittle CaP ceramics is considered a major drawback 

and, thus, purely ceramic (non-composite) materials have not achieved wide 

acceptance.37,73 

Based on their specific composition, commercially available calcium phosphate biomateri-

als are classified as sintered or unsintered hydroxyapatite (HA), calcium deficient apatite, 

biphasic calcium phosphate (BCP), α- or β-tricalcium phosphate (TCP; Ca3(PO4)2), and so 

on. Stoichiometric CaP phases have Ca/P ratios in the range of 0.5-2.0. Their thermody-

namic stability is dependent on temperature and humidity.74 As a general rule, lower Ca/P 

ratios correspond to higher solubilities in water.75 At body temperature and physiological 

pH, HA with a Ca/P ratio of 1.67 will form as the stable phase (Figure 2). However, owing 

to kinetic effects during precipitation, amorphous CaP and octacalcium phosphate (OCP) 

occur as transient phases.76 

 

 

Figure 2: Stability of calcium phosphate phases as a function of pH (after Nancollas 

and Zhang 1994).77 DCPD: dicalcium phosphate dihydrate (CaHPO4∙2H2O), DCPA: 

dicalcium phosphate (CaHPO4), OCP: octacalcium phosphate (Ca8(HPO4)2-

(PO4)4∙5H2O), β-TCP: β-tricalcium phosphate (Ca3(PO4)2), HA: hydroxyapatite (Ca10-

(PO4)6(OH)2). 
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Pure HA has a monoclinic structure (     ) at room temperature,78 converting to hexag-

onal (     ), if the columnar anion ordering is destroyed at elevated temperatures or 

due to the presence of impurities and/or vacancies.79 The apatite structure is quite flexible 

and various substitutions are possible at all ionic sites (Ca2+, PO4
3- and OH-).80 Commercial 

HA materials can be derived from natural precursors including certain corals, algae, or 

bovine bone.16-20 Similar to human bone, these HA products contain impurities; for exam-

ple, coral-derived HA typically contains Na, Mg and Sr derived from the marine habitat of 

the precursor, as well as CO3 incorporated during processing (c.f. chapter 5).81,82 Stoichi-

ometric HA can be synthesized via precipitation from solutions prepared from a range of 

calcium- and phosphate-bearing compounds.81,83-85 Another possibility is synthesis via sol-

id state reaction using a stoichiometric precursor mixture that converts at temperatures 

above 950°C.86,87 In the presence of water, HA remains stable up to 1550°C, whereas 

unhydrated phases such as TCP and tetracalcium phosphate (TTCP; Ca4(PO4)2O) will form 

in dry atmospheres and may persist as metastable phases upon cooling.74 

TCP occurs in two structural modifications, α-TCP (monoclinic:      ) and β-TCP (rhom-

bohedral:    ). As TCP cannot precipitate from solution, it is commonly produced by cal-

cination of Ca-deficient HA (CDHA; Ca10-x(HPO4)x(PO4)6-x(OH)2-x with 0<x<1) with a Ca/P 

ratio adjusted to 1.5 at temperatures above 700°C.84,88 Solid state synthesis is equally 

possible.89,90 At 1125°C, the reversible conversion of β-TCP into the high-temperature 

modification α-TCP takes place; the latter phase is stable up to 1430°C.70 However, the 

α−β transformation temperature is strongly influenced by impurities, so that a range of 

values can be found in literature.91 By quenching, α-TCP can be stabilized at room tem-

perature. The Mg-bearing variety of β-TCP (Mg-TCP; (Ca,Mg)3(PO4)2; mineral name: whit-

lockite) has been discovered in pathological mineralizations, such as dental calculus, sali-

vary and bladder stones. Its solubility is lower compared to pure β-TCP and hydrolysis 

into apatite is hindered.92,93 As observed experimentally, the Mg-substitution stabilizes β-

TCP also during VTS (c.f. 5.3.1). Moreover, Zn-substituted β-TCP was reported to slow 

down resorption, while stimulating bone formation.94,95 

 

2.3.2. Ceramic Processing 

Densification of calcium phosphate ceramics is usually performed via sintering at tempera-

tures above 1000°C.66,96 Overheating to temperatures above ca. 1250°C both enhances 

excessive grain growth and causes the β → α-TCP phase transformation, accompanied by 

a volume increase of 7.1 % that weakens the fabric.70,97 Also, overheating may cause HA 

decomposition inflicting damage on the ceramic due to uncontrolled gas release from de-
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hydroxylation.98 Dense HA ceramics, defined as having less than 5 % porosity by volume, 

can be obtained by compaction and free sintering or by hot isostatic pressing (HIP).91,99 

However, for many orthopedic and dental applications, highly porous scaffolds are the 

material of choice, e.g. for bone graft materials,69,100 granulates used for drug-delivery,101-

103 as part of composite materials,104-107 or as substrates for tissue engineering.108-112 Vari-

ous methods have been proposed for manufacturing CaP ceramics with interconnected 

porosity such as the hydrothermal conversion of marine invertebrate skeletons,82 sintering 

with porogens,101,113,114 gravity sintering,115 infiltration of polymer foams,116,117 gel-

casting,118,119 freeze casting,120 colloidal crystal templating,103 and rapid prototyping.121 

Moreover, CaPs are used as coatings of Ti-based prostheses applied in load-bearing sites 

where the superior mechanical properties of metals are indispensible.122 Layers of ca. 50-

200 µm thickness are sufficient to facilitate strong bonding between implant and host 

tissue without the need for cementation.  

 

2.3.3. Implant Resorption and Tissue Response 

Calcium phosphate ceramics are bioactive, meaning that they are capable of forming di-

rect interfacial bonds with the host tissue.123 However, various clinical studies have pro-

duced partly inconsistent results about the success of treatments with CaP bone graft, 

alone and in combination with organic additives, depending on processing parameters of 

the different materials (grain size, surface properties, impurities, etc.), the cell lines used 

for testing, as well as the specific applications.70,124-130 Improved results have been report-

ed for CaP as an extender combined with autograft or osteoinductive bone protein ex-

tract.126,130  

As yet, commercial biomaterials do not imitate the complex composite structure of human 

bone. However, modern calcium phosphate implants mimic the scaffold structure of the 

so-called interstitium (interstitial bone) that acts as a supporting framework without being 

physiologically active.100 Osteogenesis (i.e. bone formation) crucially depends on vascular-

ization and, thus, presupposes an interconnected pore structure with average pore diame-

ters of 100-500 µm.131-136 In addition, tissue ingrowth into the porous scaffold promotes 

the biomechanical fixation of the implant. Moreover, it has been reported that pore ge-

ometry and volume influence protein production and osteogenic differentiation of human 

mesenchymal stem cells.137,138 Alternatively, osteoinductive behavior may rely on the con-

centration of bone growth factors within the pore space of ceramic scaffolds,139 but there 

are conflicting hypotheses abound regarding the mechanisms of CaP osteoinduction, as 

summarized by Daculsi.69  
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Generally, HA ceramics degrade only very slowly, thus impeding resorption through the 

natural bone remodeling process.140 Although chemically similar to the mineral content of 

human bone, pure HA implants gave unsatisfactory results in clinical applications, since 

they showed good osteoconductive properties, but no intrinsic osteoinductive ability.125,141-

144 Regarding TCP, α-TCP is more reactive than β-TCP in both aqueous media and in-vivo. 

It hydrolyses readily into CDHA or, occasionally, into OCP.93,145-147 Therefore, its biomedi-

cal applications are mostly confined to self-setting cements.148 In contrast, β-TCP does not 

dissolve or hydrolyze spontaneously in vivo in the absence of cell activity,93,147 but it is 

fully resorbed during new bone formation and remodeling within a period of two years.149 

In a comparative study, pure β-TCP combined with bone marrow aspirate gave results 

better than HA and its performance came closest to autograft.125 However, β-TCP resorp-

tion is rather too fast, thus promoting mechanical instability of the implant site.66,149 It is 

nevertheless one of the major ceramic bone substitutes today and widely used for the 

fabrication of porous granules and scaffolds with applications in bone reconstruction, 

augmentation of the alveolar ridge, the correction of deformities, and many others.70 

As osteoclastic degradation of β-TCP is much faster than that of HA,150 the properties of 

biphasic mixtures of both phases can be adjusted to the rate of new bone formation.69 

Coined by Nery et al., the term BCP designates a ceramic material with variable amounts 

of 20-65% HA blended with TCP.151 In the late 1980ies, systematic studies were conduct-

ed to optimize biodegradation controlled by the phase ratio.152-157 Several commercial 

products have been developed on this basis and a phase mixture of about 60 % HA and 

40 % TCP has become most common (e.g. MBCP®, Biomatlante, France; Osteosynt®, 

Einco Ltd., Brazil; Triosite®, Zimmer, U.S.A.).69 Macroporous BCP ceramics offer good 

osteoconduction, as proven by bone formation within the pores after a few months.158-160 

“Ultraporous” BCP scaffolds carrying autogenous osteoprogenitor cells from bone marrow 

aspirate gave particularly good results in animal testing.161 Due to mechanical limitations, 

however, the application of CaP scaffolds is generally confined to non-load bearing 

sites.162,163 

 

2.3.4. Mechanical Properties 

Relatively poor mechanical properties of calcium phosphate ceramics still prevent their 

application as bone graft materials in load-bearing sites. Moreover, as pointed out by Zy-

man,164 values given in the literature for HA vary considerably between 200-918 MPa for 

compressive strength and 15-196 MPa for fracture strength of bulk ceramics. It has been 

demonstrated in various studies that apart from porosity,117 ceramic processing conditions 
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play a crucial role in determining the mechanical properties of both HA and BCP ceram-

ics.163,165-167 Target values for bulk and scaffold materials are set by the mechanical prop-

erties of human cortical and cancellous bone, respectively, as summarized in Table 

1.163,168  

 

Table 1: Reference data for the mechanical properties of human bone (after Wagoner 

Johnson and Herschler 2011).163 

 Compressive 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Porosity (%) 

Cortical bone 130-180 135-193 50-151 12-18 5-13 

Cancellous bone 4-12 n/a 1-5 0.1-0.5 30-90 

 

Numerous attempts have been made to improve the mechanical properties of both mono-

lithic and scaffold Ca-phosphate ceramics by reinforcement with stronger and tougher 

oxide ceramics, i.e., TiO2, Al2O3 and/or ZrO2.
169-177 Similarly, ceramic metal composites 

have been developed using the reinforcing properties of metal fibers178 and 

particulates.179 Moreover, additions of β-TCP to HA reportedly have some positive effect 

on the mechanical properties. Raynaud et al.97 observed a strengthening effect for hot-

pressed HA ceramics due to β-TCP loading which could not be related to a variation of 

porosity or grain size. Phase fractions of about 10 wt% β-TCP were shown to double ten-

sile strength as compared to pure HA. However, in the meantime, diverging results have 

been published by independent groups that on the one hand confirmed the mechanical 

strengthening effect for BCP ceramics relative to pure HA, but on the other hand gave 

inconsistent optimum values for β-TCP contents of about 30 and 40 wt%, respectively 

(Figure 3).180,181 As hardness, mechanical strength and toughness of pure β-TCP ceramics 

are inferior to those made of pure HA,70,81 the cause of this strengthening effect for phase 

mixtures remains unclear. Other research groups reported a deterioration of mechanical 

properties for HA/β-TCP ceramics with increasing β-TCP-contents,163 but this may partly 

be caused by overheating (c.f. 2.3.2). 



16 

 

Figure 3: Literature data for (a, c) flexural and (b) compressive strength for BCP ce-

ramics as a function of phase content.97,180,181 

 

2.3.5. Antibacterial Modifications 

In recent years, numerous studies have been conducted on Ag-modified calcium phos-

phate ceramics, as they are expected to decrease post-surgical inflammation risks.182,183 

The antibacterial properties of silver have been demonstrated in various studies for both 

HA and β-TCP ceramics. HA powders,184-187 coatings,188-192 and bulk ceramics193,194 have 

been investigated as carrier materials for Ag (nano-)particles, whereas only very few stud-

ies have been concerned with β-TCP,195,196 and BCP ceramics.197,198 It is generally accept-

ed that the antimicrobial effect is directly related to the release of Ag+ ions which inhibit 

the proper functioning of the bacterial ribosome, as well as that of some enzymes and 

proteins, and have an adverse effect on bacterial DNA replication without impairing the 

cytocompatibility (i.e. compatibility with human cells) when present in moderate 

amounts.199-201 There has been speculation on the substitution of Ag+ for Ca2+ during wet 

synthesis of HA, but this reaction has not been verified convincingly, as yet.186,190,194 Bet-

ter supported seems the formation of silver orthophosphate (Ag3PO4) during the wet syn-

thesis of HA powders. 187 As this compound is very sensitive to light, it may have escaped 

detection with XRD in some cases. Generally, microbial growth is inhibited in the presence 

of metallic, ionic and colloidal silver.202-204 In chapter 5, a novel CaP-AgCl composite with 

antibacterial properties will be presented.  
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3. Analytical Methods 

3.1. X-Ray Diffraction (XRD)† 

X-rays are electromagnetic waves with wavelengths of approximately 100 pm. As this is 

on the same order as the interatomic distances of crystalline matter, the latter may act as 

a three-dimensional diffraction grating under irradiation. This was recognized by Max von 

Laue in 1912 who, by his theoretical work, laid the foundations for X-ray diffraction as the 

principal technique for structure determination. To interpret interference patterns formed 

by diffraction, lattice planes can be regarded as a stack of mirrors with spacing dhkl that 

reflects the incident radiation (Figure 4).  

 

 

Figure 4: Graphic representation of the Bragg condition: (a) path difference between 

X-rays “reflected” from successive planes; (b) X-rays incident on a set of planes at 

Bragg angle θ are diffracted through an angle 2θ (after Putnis 1992).206 

 

The portion of the beam that passes the first “mirror” unscattered may interact with the 

second or third layer of atoms and so on. The correlation between wavelength, λ, Bragg 

angle, θ, and lattice plane (“mirror”) spacing, dhkl, is given by the Bragg equation. 

                     (Bragg equation) 

Constructive interference occurs if the path difference between reflections from adjacent 

planes is equal to an integral multiple, n, of λ. For monochromatic X-radiation (λ = 

const.), constructive interference takes place at certain glancing angles (Bragg angles). 

For the identification of crystalline phases, the glancing angles measured are used to cal-

culate lattice plane spacings which are then compared to data sets of well-defined struc-

tures. For this study, reference to the Powder Diffraction Files (PDF) database of the Joint 

Committee on Powder Diffraction Standards was made. 

In the original experimental setup of von Laue, polychromatic X-rays were collimated onto 

a single crystal, as certain wavelengths would fulfill the Bragg condition without requiring 

                                           
†In writing this section, recourse has been made to the handbooks of Atkins (1994),205 Putnis 

(1992),206 and Skoog et al. (1997).207 
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an exact orientation of the sample. An alternative method using monochromatic radiation 

was soon developed by Peter Debye, Paul Scherrer and, independently, Albert Hull. By 

preparing powder samples, they found a simple way of obtaining crystallites with statisti-

cal orientation. For example, a fraction of the crystallites will be oriented in such a way 

that their (1 1 1) planes with spacing d111 produces a reflection at glancing angle 2θ111. 

Due to the random angular orientation around the incident beam axis, the reflections are 

confined to the surface of a cone with aperture semi-angle 2θ (Figure 4b). As other crys-

tallites contained in the sample meet the Bragg condition for different dhkl values, they will 

produce reflections corresponding to a set of cones whose positions and intensities are 

recorded as the diffractogram. 

Powder XRD is a standard technique for phase identification and the determination of 

lattice parameters for single phases and mixtures. The phase composition of powdered 

samples was analyzed in Bragg-Brentano geometry using Cu-K radiation (PW 1050/25 

Goniometer, Philips, Almelo, The Netherlands) and 40 kV acceleration voltage. Interaction 

of the electrons with the anode material causes the emission of a continuous X-ray spec-

trum (Bremsstrahlung) superimposed by characteristic lines of the target (c.f. 3.3, Figure 

8). Monochromatic radiation is obtained using a graphite filter to isolate the Cu K line 

which is then collimated onto the sample. More information on the generation of X-rays is 

provided in section 3.3. During measurement, continuous rotation of the sample around 

its axis increases the number of particles contributing to the diffraction pattern.  

The most common instrumental setup is the reflection configuration in Bragg-Brentano 

geometry, where the specimen is mounted at the center of the measurement circle on 

which X-ray source and detector are positioned (Figure 5). Moreover, the sample is ori-

ented tangentially to the focusing circle. To retain focusing conditions during measure-

ment, sample and detector are simultaneously rotated through an angle θ and 2θ, respec-

tively. Ideally, the sample should be curved with a radius changing along with that of the 

focusing circle. In practice, however, the error introduced by the flat sample geometry is 

negligible in many cases and the configuration is called “para-focusing”. The diffracted 

intensity at each position 2θ is recorded by a dedicated counter. 
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Figure 5: Bragg-Brentano geometry for X-ray powder diffraction (after http://upload.-

wikimedia.org/wikipedia/commons/4/4a/Bragg-Brentano-Geometrie.jpg). 

 

3.2. Fourier-Transformed Infrared Spectroscopy (FTIR)‡ 

Molecules are made of atoms with a given mass and geometrical arrangement which are 

connected by elastic bonds in periodic motion. Molecular bonds have fundamental vibra-

tional frequencies that correspond to specific energy states of the molecule. If all atoms in 

a molecule vibrate with the same frequency and phase, although the amplitude may dif-

fer, this is called a normal vibration. All atomic motions relative to each other can be de-

scribed as a superposition of normal vibrations together defining the vibrational spectrum 

of a substance. There are two main types: stretching vibrations that change the bond 

length and bending vibrations which modify the angle between two bonds (Figure 6). In a 

Cartesian coordinate system, each atom has three degrees of motional freedom. Defining 

the motion of a molecule, translational, rotational and vibrational motions need to be tak-

en into account. A molecule containing n atoms possesses 3n degrees of freedom and, 

thus, 3n-6 vibrational motions which change the distances between atoms, or 3n-5 in 

case the molecule is linear. 

Transitions between vibrational energy levels can be induced by infrared (IR) radiation 

which will be absorbed at the frequency corresponding to the vibrational modes in the 

sample. For a mode to be IR-active, an oscillating electric field of the incident IR radiation 

must be able to interact with a changing molecular dipole moment associated with the 

                                           
‡In writing this section, recourse has been made to the handbooks of Putnis (1992),206 Schrader 

(1995),208 and Skoog et al. (1997).207 
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vibration (c.f. Raman spectroscopy: polarizability). For example, the HCl molecule has a 

strong dipole moment, as the chlorine has a higher electron density than the hydrogen. 

Thus, the resulting charge distribution is not symmetric and an electrical field is estab-

lished. As the molecule vibrates, a regular variation of the dipole moment occurs. Incident 

IR-radiation is absorbed, if its frequency exactly matches the vibrational frequency of the 

molecule. Most molecular species absorb IR-radiation. Exceptions apply where symmetry 

prevents a net change in dipole moment from a particular vibration, such as in homonu-

clear compounds like H2 and Cl2, or the symmetric stretching vibration in the linear CO2 

molecule. 

 

 

Figure 6: Schematic of molecular vibrations: (a) stretching vibrations and (b) bending 

vibrations (after Skoog et al. 1998, Fig. 16.2).207 

 

Moreover, vibrational spectra can be recorded for substances in any physical state – solid, 

liquid or gaseous – and the method is particularly suitable for the analysis of low atomic 

weight compounds. In molecular aggregates, such as crystals, vibrations of the individual 

components are coupled producing overtones and combinations of normal modes. Conse-

quently, one particular peak cannot be simply related to a molecular group as if it was 
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isolated and substances are identified by comparison with reference spectra. Qualitative 

and quantitative analysis is possible, as band intensities in the spectrum of a mixture are 

usually proportional to the concentration of the individual components. 

Fourier-transform spectrometers are the most widely used instrument type today, as they 

facilitate rapid qualitative and quantitative measurements with high spectral resolution 

and reproducibility. As the measurement is carried out simultaneously over the whole 

spectral range, another notable advantage is the high signal-to-noise ratio that can be 

achieved in relatively short time. Basically, an interferometer splits the IR beam into two 

and recombines them introducing a variable phase shift to obtain periodic intensity fluctu-

ations (Figure 7). The Fourier transform operation is then used to reconstruct the sample 

signal modulated onto the incident beam. 

 

 

Figure 7: Schematic setup of a Fourier-transformed infrared spectrometer (after 

Rocksolid manual, Bruker, Karlsruhe, Germany).209 

 

For the analysis of rough surfaces and powder samples, diffuse reflectance infrared Fouri-

er-transform spectroscopy (DRIFTS) is a particularly suitable method. Other than in the 

conventional transmission geometry, the DRIFTS signal consists of both radiation reflect-

ed from the sample’s surface and some part that has been scattered, often several times, 

due to interaction with the sample material. Due to the rough sample surface, radiation is 

diffusely reflected in all directions. 

Measurements were carried out with a VERTEX 70™ instrument (Bruker, Karlsruhe, Ger-

many) with Praying Mantis™ diffuse reflection attachment (Harrick Scientific Products, 

Pleasantville, U.S.A.) and a nitrogen-cooled MCT-detector (HgCdTe). A Globar source (SiC 

rod) was electrically heated to 1500 K, thereby emitting a continuous radiation spectrum 
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approximating that of a blackbody. This experimental setup allows qualitative analysis of 

powders and rough surface solids without further preparation in the spectral range of 

7500-850 cm-1. Resolution was set to 4 cm-1 and 1200 spectra were measured for each 

sample. Non-absorbing KBr powder was used as a reference to determine the background 

signal. 

 

3.3. X-Ray Fluorescence Analysis (XRF)§ 

Fluorescence is the spontaneous emission of light by materials under irradiation, whereby 

the emitted photons have a lower energy than the absorbed ones. X-ray fluorescence 

denotes the emission of “characteristic”, i.e., element-specific, X-radiation corresponding 

to the discrete energy transitions of electrons from a higher to a lower orbital. The emis-

sion of a strongly bonded inner shell electron may be caused by X-rays, electron or parti-

cle beams. Resulting electron “holes” are subsequently filled up from an outer orbital un-

der the emission of an X-ray quant. Electron transitions are classified with respect to the 

location of the hole, whereas the Greek subscript denotes the outer shell orbital from 

which the electron that fills up the vacant site originates. Derived from the German words 

kurz and lang, the shortest wavelength group is called the K series, followed by the longer 

L series; towards the outer orbitals, if present, the classification is then going on in alpha-

betical order. 

The relationship between the wavelength of the K-line radiation, λ, and the atomic num-

ber,  , is linear, as stated by Moseley’s law: 

 

 
                 (Moseley’s law) 

With constants   and  . 

Maximum absorption is obtained if the energy of incident photons is slightly above the 

binding energy of the inner shell electron which needs to be overcome. Higher photon 

energies favor transmission, but an overvoltage ratio of 1.5 to 3 is common for maximum 

quantum yield.  

For the analysis of biogenic carbonates, samples were ground to a fine powder, blended 

with wax and pressed into tablets (40 mm). Wavelength-dispersive XRF (WDXRF) analysis 

was conducted with an S8 Tiger™ instrument (Bruker, Karlsruhe, Germany). By applying a 

voltage of 30 kV, electrons emitted from a heated tungsten filament are accelerated to-

                                           
§If no other source is referred to in this section, recourse has been made to the handbooks of 
Hahn-Weinheimer et al. (1984),210 Mommsen (1986),211 Putnis (1992),206 and Skoog et al. 

(1997).207 
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wards a rhodium anode. Interaction of the electrons with the metal target causes the 

emission of a continuous X-ray spectrum (Bremsstrahlung) overlain by characteristic lines 

of the anode material (Figure 8).  

 

 

Figure 8: Schematic line spectrum of an X-ray tube with metal target (after Skoog et 

al. 1997).207 

 

The maximum energy of the emitted spectrum, expressed in keV, is equal to the value of 

the acceleration voltage in kV, whereas the minimum energy is limited by absorption in 

the beryllium (Be) window of the X-ray tube. This instrument setup allows the measure-

ment of Be – U, as those elements all have characteristic lines below 30 keV. The probe 

beam is collimated onto the sample from which characteristic X-ray quants are emitted. 

In a WDXRF setup, the sample signal is diffracted by an analyzing crystal of known lattice 

parameters and orientation (c.f. 3.1). To cover the whole energy or wavelength range, 

several crystals with variable lattice spacings are rotated for sequential peak measure-

ment. Only wavelengths satisfying the Bragg equation will be detected at a given setup 

angle. Peak intensities are measured by either a gas-flow (Be – Cu) or scintillation detec-

tor (Cu – U). For background correction, the signal is measured within a frame comprising 

the theoretical peak position.  

A typical X-ray fluorescence spectrum shows the characteristic lines of all electron transi-

tions that fall into the given energy range, as well as peaks deriving from Rayleigh and 

Compton scattering of the probe beam within the sample. As the wavelength of the emit-

ted X-radiation is element-specific, immediate qualitative determination of the chemical 

composition is possible. In first approximation, the intensity of the fluorescence signal is 
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proportional to the concentration of the element in the sample. To account for the varia-

ble absorption properties of the sample’s constituents, as described by the mass attenua-

tion coefficient, µ/ρ, quantification is facilitated by comparison with standards of similar 

chemical composition. The mass absorption coefficient, µ, is dependent on the wave-

length of the incident radiation, as well as the atomic number of the absorbing element, 

but not on the latter’s chemical or physical state. For a specific sample, it is derived by 

adding the specific attenuation coefficients in proportion to the weight fractions of the 

elements contained. Tables for µ/ρ are provided in the literature.210 The beam intensity 

after passage through the sample, Ix, is described by the Lambert-Beer law: 

           
  µ  ⁄        (Lambert-Beer’s law) 

With incident beam intensity, I0, sample (absorber) density, ρ, and absorber thickness, x. 

Apart from absorption effects, fluorescence radiation emitted by one element may cause 

the excitation of another within the sample (secondary fluorescence), adding to the signal 

intensity. WDXRF instruments are valued for their high peak resolution and sensitivity for 

major and trace element analysis. By calibration with standards of similar chemical com-

position, relative error of <1% can be achieved for major elements. Another quantifica-

tion method, the fundamental parameter approach, can be applied if all elements present 

in a sample are qualitatively known. With regard to fundamental physical parameters, 

matrix effects are accounted for and the chemical composition can be calculated. Howev-

er, errors of 2-5 % for major elements are rather common. 

 

3.4. Scanning Electron Microscopy (SEM)** 

Electron microscopy extends our visual resolution capacity to the nanometer scale. With 

little preparative effort, scanning electron microscopy (SEM) provides a wealth of infor-

mation about a sample’s surface topography and chemistry. Further advantages of elec-

tron imaging over light microscopy are the large depth of field and a broad magnification 

range of 10x to >100.000x accessible within a single instrument. 

For imaging and analysis, a fine electron beam is generated, accelerated and focused with 

electromagnetic lenses to a spot size of ca. 5-200 nm (Figure 9). Guided by two pairs of 

electromagnetic coils with variable potential, the probe beam scans over the sample’s 

surface in parallel lines covering a rectangular area of the sample’s surface. Among the 

various interactions of the probe beam with the sample, the emission of both secondary 

                                           
**In writing this section, recourse has been made to the handbooks of Flegler et al. (1993),212 

Goldstein et al. (2003),213 Putnis (1992),206 and Skoog et al. (1998).207 
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electrons with energies of a few tens of eV, as well as of high-energy backscattered elec-

trons, is particularly relevant for SEM imaging. The respective signal is detected, amplified 

and displayed in synchronism with the scanning movement of the electron probe. Another 

important beam − sample interaction, the electron-induced emission of characteristic X-

ray photons, is discussed in chapter 3.5. 

Interactions of the primary beam with the specimen take place within a pear-shaped 

sample volume, whose size depends directly on the acceleration voltage and inversely on 

the average atomic number. Generally, the penetration depth from which analytical in-

formation is derived is on the order of a few µm.  

Back-scattered electrons (BSE) derive from the probe beam. After numerous collisions 

within the sample, they exit the surface with about 60-80% of their former energy, carry-

ing information about both chemical composition and surface topography. The probability 

of repeated elastic scattering events, which may deflect an electron by angles of more 

than 90°, correlates positively with the atomic number. Thus, local variations in the sam-

ple’s chemistry are directly visible as an image contrast on the screen. As the back-

scattered beam has a diameter of a few µm for bulk samples, image resolution is princi-

pally limited to this value.212 For the detection of highly energetic BSEs, a solid-state de-

tector is commonly employed. 

Under bombardment from the primary beam, weakly bound secondary electrons (SE) are 

ejected from the solid. Although they are produced throughout the penetration volume, 

SEs reaching the detector originate from a depth of only 5-50 nm, due to strong absorp-

tion within the sample. With energies of 3-5 eV, they exit the sample as a beam with a 

diameter that is only slightly widened relative to the incident beam. Therefore, they are 

suitable for high-resolution imaging. The amount of SEs detected correlates with the 

sample’s topography: higher signal intensities are recorded from areas facing the detec-

tor, as compared to averted ones. Moreover, few SEs are emitted from flat planes, 

whereas many more exit at edges and pikes because of reduced absorption. Taken to-

gether, the image formed by SEs reproduces the sample’s topography in fine detail and 

can be readily interpreted. The emitted current is measured by a so-called Everhardt-

Thornley detector: collected from a wide solid angle, the low-energy electrons are 

“sucked” into a Faraday cage by a small positive potential (300 V), then accelerated (12 

kV) and detected as electrical impulses by a scintillation transducer. High-energy BSEs, 

which are more difficult to deflect from their path, will contribute to the signal only if they 

are incidentally moving towards the scintillator. 
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Figure 9: Schematic setup of a scanning electron microscope (after Skoog et al. 

1998).207 

 

Sample characterization was performed using a Quanta 200F instrument (FEI, Eindhoven, 

The Netherlands; high-vacuum mode) with field emission electron gun (FEG) operated at 

20 kV. The instrument is equipped with an EDS system (EDAX, Mawah, NJ, United 

States), as specified in chapter 3.5. Fracture and polished surfaces of bulk ceramics were 

carbon sputtered to minimize charging by the electron beam.  

 

3.5. Energy-Dispersive Spectroscopy (EDS)†† 

Analogous to X-ray fluorescence analysis (c.f. 3.3), the emission of characteristic X-ray 

quants can be stimulated by an electron beam. Characteristic X-radiation can be used to 

obtain qualitative and quantitative chemical information using an SEM instrument (c.f. 

                                           
†† If no other source is referred to in this section, recourse has been made to the handbooks of 
Flegler et al. (1993),212 Goldstein et al. (2003),213 Hahn-Weinheimer et al. (1984),210 and Skoog et 

al. (1997).207 
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3.4) with an integrated energy-dispersive detector, employing a common electron source 

and focusing system. With an energy-dispersive detector setup, the simultaneous meas-

urement of the whole energy spectrum facilitates rapid spot and line scans, as well as 

mappings revealing the spatial distribution of elemental concentrations. However, a major 

drawback is the reduced spectral resolution of energy-dispersive systems (135 eV), as 

compared to wavelength-dispersive ones (10 eV), and the chemical sensitivity is limited to 

parts per thousand. The spatial resolution depends on material properties and ranges 

from 5 µm for metals to 30 µm for organic matter.212 Imaging capability (SE, BSE) and 

the precise control of the location analyzed provide major advantages over methods in 

which X-ray sources are used for excitation. 

Energy-dispersive X-ray spectroscopy (EDS) was performed with an EDAX spectrometer 

(Mawah, NJ, United States) integrated into the SEM specified in chapter 3.4. As all ele-

ments have at least one spectral line in the range of 0-20 keV, a scan measurement was 

performed prior to mapping. Then, the operating voltage was reduced to 10 kV, corre-

sponding to an overvoltage ratio adjusted to the highest relevant energy line, i.e. the K1-

line of calcium (3.69 keV).214 Characteristic X-radiation was detected with a nitrogen-

cooled semi-conductor transducer equipped with an ultra-thin window (UTW). Incident X-

ray quants produce electron-hole pairs in the detector that lead to increased conductivity, 

whereas the height of the current pulse is directly proportional to the energy of the quant 

absorbed. For data processing and evaluation, the EDAX Genesis software package (ver-

sion 6.20) was used. 

 

3.6. Ion-Selective Potentiometry‡‡ 

An electrochemical cell (also voltaic or galvanic cell) is a device that produces an electrical 

potential as a result of spontaneous chemical reactions taking place within it. These reac-

tions occur at the surfaces of two electrodes, each of which dips into an electrolyte (Ox-

ford Dictionary of Chemistry).216 The potential of a half-cell, i.e. between a single elec-

trode and the electrolyte, cannot be measured directly. However, it can be determined 

relative to another half-cell used as a reference. Ion-selective electrodes (ISE) are cus-

tomized to determine the concentration of a specific ion in solution by measuring the elec-

tromotive force, which is a historical designation for the potential of an electrochemical 

cell, against a reference electrode. Commercially available ISE setups consist of two such 

half-cells, either implemented as two separate electrodes, as shown in Figure 10, or as 

                                           
‡‡If no other source is referred to in this section, recourse has been made to the handbooks of 

Mortimer (1986)215 and Skoog et al. (1997),207 as well as the WTW instrument manual. 
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combined instruments with an internal reference. The most common application is the 

pH-meter which is sensitive to H+ ions.  

 

 

Figure 10: Schematic setup of an ion-selective measurement chain (after 

http://www.chemistry.nmsu.edu/Instrumentation/ISE_1.gif). 

 

A robust and widely applied reference setup is the Ag/AgCl electrode consisting of a silver 

wire coated with an AgCl layer and immersed in KCl solution of a given concentration. Ag+ 

ions are released from the wire into the electrolyte, thus establishing both an equilibrium 

ionic concentration and a constant half-cell potential.  

The half-reaction at the reference electrode is: 

                          

A liquid junction connects the reference electrode with the sample solution. Inevitably, a 

junction potential of up to 30 mV will build up and influence the measurement, due to the 

varying diffusion rates of the ions involved. It should be noted that for monovalent ions a 

measurement error of 1 mV already results in a relative error of 4 % for the concentration 

value. However, the magnitude of the junction potential can be much reduced by adding 

an ionic strength adaptor to each sample, i.e. a conducting salt consisting of anions and 

cations with a similar diffusion rate. 

The ISE counterpart, also called working electrode, probes the sample solution by means 

of an interface that, ideally, interacts only with the ionic species to be measured. For Ag+ 

determination, a solid-state membrane is commonly used that separates an internal elec-

trolyte from the sample solution. This membrane consists of solid Ag2S which is electrical-
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ly conductive due to Ag+ mobility in the solid phase. Ag2S has very low solubility in water, 

according to the following dissociation reaction: 

                  

The dissolved ions are in specific equilibria with the membrane on both sides, causing the 

build-up of a potential across it. As the membrane itself releases Ag+ into the sample so-

lution, it will contribute, if little, to the total concentration. This is evident from the non-

linear behavior of the electrode for low ionic concentrations (<0.1 mg/l). 

Generally, concentration and activity of ionic species are identical in dilute solutions only. 

Due to the repellent force of ionic charge, increasing quantities of ions will interfere with 

each other, thus lowering the potential values measured. Electrode calibration with stand-

ard solutions of known concentrations, as well as the addition of a conducting salt to 

equalize the activity coefficient, compensate for such deviations. For our measurements, 

the electrode was calibrated against a series of AgNO3 solutions with concentrations of 

0.01, 0.1, 1, 10 and 100 mg/l. For ionic strength adaption, 2 vol% of aqueous NaNO3 so-

lution (5 mol/l) were added to each sample. Using a silver ion-selective electrode (ISE; 

WTW Ag/S 800, Weilheim, Germany), dissolved Ag+ was measured as a function of time. 

Under these measuring conditions, the Nernst equation allows the calculation of the ion 

concentration from the cell potential measured: 

        
        

  
        (Nernst equation) 

with cell potential,   , standard cell potential,    , ideal gas constant,  , temperature,  , 

ionic net charge,  , Faraday constant,  , and ion concentration,  .  

The electrode can only interact with the dissolved species present in the immediate vicini-

ty of the electrode surface. Thus, apart from the potential across the electrode, a second 

potential will build up between near-surface and bulk solution. This phenomenon is 

termed the electrical double layer, as the potential first decreases linearly, then exponen-

tially, with increasing distance from the electrode. Therefore, to accelerate replenishment 

of the Ag+ ions at the membrane, constant stirring of the sample solution is necessary. 

To conclude, ISE measurements require little preparative effort and results can be ob-

tained within minutes. ISEs are available for a large range of ionic species at comparative-

ly low cost. However, the accuracy is limited and temperature needs to be strictly con-

trolled.  
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4. Vapor Transport Sintering of Synthetic Powders 

4.1. Introduction to Shrinkage-Free Sintering§§ 

Vapor transport sintering (VTS) is a versatile, though rarely used process to produce high-

ly porous ceramics. In the following, the application of VTS as a novel method to produce 

calcium phosphate scaffolds with fully interconnected porosity is reported for the first 

time.  

Among the various material transport processes that occur simultaneously during sinter-

ing, only two, namely vapor transport and surface diffusion, lead to particle coalescence 

and coarsening without densification (Figure 11). Atomic mobility is enhanced along sur-

faces, as there are less spatial constraints. Thus, the activation energy is small compared 

to both lattice and grain boundary diffusion which are the major densifying mechanisms 

during conventional sintering. Therefore, surface diffusion starts at relatively low tem-

peratures, while industrial sintering of ceramics is commonly performed at homologous 

temperatures of 0.7-0.8 times the melting point (in Kelvin) to achieve high densification 

rates. With increasing process temperature, the relative importance of surface diffusion 

ceases. According to the standard textbooks, surface diffusion denotes the migration of 

adatoms and vacancies along the particle surface within a layer thought to be less than 

1 nm thick.217,218 However, quite recently, direct observation via transmission electron 

microscopy (TEM) revealed that surface diffusion proceeds via the collective motion of 

several atomic layers.220  

Similar to surface diffusion, vapor transport of solid matter via evaporation and re-

condensation contributes to shrinkage-free neck and grain growth. The driving force be-

hind vapor transport is the energetically favorable reduction of surface area. This reduc-

tion is achieved due to the differential partial pressures over curved surfaces causing a 

mass flow from grains to necks, as well as from smaller to larger grains. With regard to 

calcium phosphate ceramics, phase conversion also needs to be taken into account, as 

will be discussed in section 4.3.3. As the pores coarsen along with the grains, their inter-

connectivity is fully retained. Usually, the rate of material transport through the gas phase 

is negligible compared to lattice and grain boundary diffusion, as very few ceramic mate-

rials have sufficiently high vapor pressures under atmospheric sintering conditions. 

Readey and collaborators first proposed the sintering of metal oxides within a reactive 

atmosphere to facilitate the formation of volatile species and, thus, enhance vapor 

                                           
§§ If no other source is referred to in this section, recourse has been made to the handbooks of 

Kingery et al. (1976)217, Rahaman (2008),218 as well as Salmang and Scholze (2007).219 
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transport.221-224 For this purpose, various halides can be introduced into the sintering sys-

tem. The aims of this feasibility study were (i) to identify suitable halide agents and (ii) to 

verify whether or not large enough pore diameters can be generated by VTS. 

 

 

Figure 11: Material transport mechanisms during sintering (after Rahaman 2008).218 

 

4.2. Experimental Procedure 

4.2.1. Sample Preparation and Sintering 

Ceramic samples were prepared from three precursor materials, namely β-tricalcium 

phosphate (β-TCP), hydroxyapatite (HA) and a 2:3 mixture of both, designated as bipha-

sic calcium phosphate (BCP). Commercially available calcium phosphate powders (Merck, 

Darmstadt, Germany) were used as starting materials. To confirm the phase purity of the 

HA reagent, the as-received powder was subjected to XRD analysis before and after 6 h 

of free sintering at 1100°C, yielding a positive result. The “tri-calcium phosphate” reagent, 

in fact identified by XRD as a stoichiometric mixture of hydroxyapatite (HA; 

Ca10(PO4)6(OH)2) and monetite (CaHPO4), was calcined at 1100°C for 3 h in air resulting 

in a full conversion to β-TCP. After calcination, a 50 g batch of the β-TCP powder was 

subjected to dry zirconia ball milling for 6 h. For the preparation of BCP powders, two 

processing routes are commonly followed: (i) precipitation of Ca-deficient HA followed by 

thermal decomposition into HA and β-TCP, or (ii) mechanical blending of single-phase 

powders;157,225,226 the latter approach was followed here. Thus, the calcined β-TCP powder 

was mixed with HA in a 2:3 weight ratio. After the addition of 6 wt% polyethylene glycol 
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(PEG), a lubricant, all starting powders were homogenized by dry ball milling for 6 h. For 

each sample, 0.5 g of powder was first pressed manually, then cold-isostatically at 200 

MPa. Subsequently, the samples were presintered at 900°C for 1 min to burn out PEG and 

produce rigid ceramics. The apparent density was determined by measuring the geomet-

rical volume and dry weight of the sample. Relative density, i.e. sample density relative to 

a non-porous body of the same substance, was then calculated with relation to values 

provided in the literature, 11 yielding 67% ±1% for HA, 64% ±1% for β-TCP and 56% 

±8% for BCP. The diameters of the presintered specimens were approximately 7.2 mm 

for HA, 7.3 mm for β-TCP and 7.7 mm for BCP with some variation due to the manual 

pressing step.  

One part of the presintered samples was soaked with 0.04 ml of halide acids in their re-

spective saturation concentrations − i.e. aqueous HCl (37 wt%), HBr (47 wt%) and HI 

(57 wt%) −, as well as in H2O, and sealed off in evacuated silica ampoules (Figure 12). 

The amount of acid that can be added is limited by the pressure developing within the 

ampoule at sintering temperature (ca. 30 bar for 0.04 ml H2O). The utilization of silica for 

containment prohibits the use of HF acid for that purpose, as the glass is severely corrod-

ed by it. To limit the damage caused by the occasional explosion, the ampoules were put 

within a refractory container within the furnace.  

To another set of samples 0.05 g of solid AgCl, CaCl2 or MgCl2 were added, respectively, 

before evacuation and sealing in silica ampoules. During sintering, the availability of the 

solid chloride reagents was limited to their equilibrium partial pressure in the atmosphere, 

as boiling temperatures were not reached. Vapor transport sintering (VTS) was carried 

out at 1100°C with holding times from 0.5 to 12 h. In the same furnace runs, untreated 

samples of the precursor materials were sintered freely to compare densification behavior.  

To assess the influence of surface diffusion on pore and grain coarsening, low-

temperature sintering experiments were conducted with HA, TCP and BCP samples pre-

pared as described above. Free sintering was carried out at 500°C, 600°C, 700°C and 

900°C in air for holding times from 0.5 to 12 h. 
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Figure 12: Schematic of the experimental setup: (a) sealing off the sample in a silica 

ampoule, (b) sample position during vapor transport sintering. 

 

4.2.2. Analytical Methods 

Characterization of the microstructure and chemistry was performed at all processing 

stages by SEM with integrated EDS. For this purpose, ceramic bodies that had been in 

contact with acid solutions or water were dried at 400°C for 2 h in air after VTS to remove 

excess humidity. Moreover, the phase composition and molecular structure of selected 

samples was analyzed by powder XRD and FTIR. To determine the average pore diame-

ters (Feret’s diameter) from SEM images of polished samples, the Image J software pack-

age (National Institutes of Health, U.S.A.) was used. 

 

4.3. Results and Discussion 

4.3.1. Chemical and Phase Analysis 

4.3.1.1. XRD 

To investigate potential substitutions and phase transformations due to sintering within 

halide atmospheres, selected HA, β-TCP and BCP samples were submitted to XRD analy-

sis. Vapor transport sintering of pure β-TCP samples in HCl resulted in conversion into Cl-

apatite (Ca10(PO4)6Cl2; Figure 13a, c). The apatite phase is necessarily Ca-deficient to re-

tain stoichiometry, due to the differing Ca/P ratios of TCP (1.5) and HA (1.67). However, 

stoichiometric and Ca-deficient apatites could not be distinguished with the routine pow-

der XRD methods applied. However, even after extended holding times of 6 h at 1100°C, 

some β-TCP remained stable, since the molar amount of added Cl- was just sufficient for a 

conversion of about half the β-TCP present, due to experimental constraints (c.f. 4.2.1). 

Similar observations were made upon HBr sintering, with some of the β-TCP converted 

into an apatite phase. However, the lack of reference data prevents its identification as 

Br-apatite (data not shown here). Moreover, upon sintering in HI atmosphere for 6 h, 

some amount of β-TCP was converted into an apatite phase (Figure 14). As the incorpora-
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tion of I- into the apatite lattice is only possible in trace amounts, no halide apatite can 

condensate in this system (c.f. 4.3.3 for discussion). Instead, the newly formed phase can 

be assigned to hydroxyapatite.  

For comparison, upon sintering in ambient atmosphere for 6 h, ceramic β-TCP remained 

fully stable, as atmospheric moisture was not taken up by the ceramic to any measurable 

extent. Equally, β-TCP powder remained fully stable upon sintering in water vapor for 3 h 

at 1100°C (Figure 13b). Thus, a conversion of β-TCP into Ca-deficient HA can be excluded 

in the absence of halides. This is notable, as HA is generally more stable than Cl-apatite, 

both in physiological settings and at elevated temperatures.11,227,228 However, only in con-

junction with a halide can Ca2+ be mobilized in relevant amounts to facilitate substantial 

material transport through the vapor phase (c.f. chapter 6).  

Regarding the BCP samples, β-TCP was still detected together with an apatite phase after 

sintering in HCl for 6 h, although Cl- was available in sufficient amounts for a full conver-

sion. Obviously, during the sintering process some β-TCP particles were encapsulated by 

the newly formed apatite, thus preventing their volatilization. Therefore, both starting 

materials – β-TCP and BCP – show potential for the fabrication of biphasic calcium phos-

phate scaffolds with an adjustable phase ratio. 

To study phase conversions due to sintering with solid chloride agents, the focus was put 

on β-TCP samples, because of their single-phase starting composition. The addition of 

AgCl caused a partial conversion of β-TCP into Cl-apatite upon 2 h of sintering (Figure 

15a). AgCl reagent was probably still present in the sample, but major diffraction peaks at 

27.8° and 32.2° (2θ) overlap with those of the calcium phosphates present, thus prohibit-

ing identification. By contrast, the presence of CaCl2 and MgCl2 resulted in an almost 

complete conversion into Cl-apatite (Figure 15b, c). Regarding CaCl2, this is not surpris-

ing, as apatite is generally more stable than β-TCP and surplus ions of Ca2+ and Cl- are 

available to balance stoichiometry. Accordingly, the diffractogram of the CaCl2-sintered 

sample shows a good match with the Cl-apatite structure (Figure 15b; PDF 00-027-0074). 

However, a minor fraction of additional phase(s) was present which could not be identi-

fied. Equally, the diffraction pattern of the MgCl2-sintered sample is in good agreement 

with Cl-apatite (Figure 15c). Moreover, EDS analyses confirmed the presence of both Cl 

and Mg in the bulk material. It has been reported that Ca2+ can be substituted by Mg2+ in 

the apatite lattice at least to some extent (c.f. 5.3.1.2 for discussion).11,80 Alternatively, in 

systems where additional Ca2+ or Mg2+ is lacking, it seems plausible that Ca2+ vacancies 

are formed. This would be the case for Cl-apatite condensated during AgCl-sintering. The 
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observation that only a partial conversion of β-TCP into apatite occurred in AgCl atmos-

phere can be explained by the limited availability of Cl- in the system.  

 

 

Figure 13: X-ray diffractograms of (a) β-TCP precursor powder; (b) β-TCP powder sin-

tered at 1100°C for 3 h in water vapor; (c) β-TCP ceramic sintered at 1100°C for 6 h 

in HCl atmosphere. Apatite formation exclusively takes place in the presence of a hal-

ide reagent. 
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Figure 14: Diffractogram of a β-TCP ceramic after sintering at 1100°C for 6 h in HI 

atmosphere. While some amount of HA is formed, I- is not incorporated into the apa-

tite lattice to a measurable extent. 
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Figure 15: Diffractograms of β-TCP ceramics after sintering at 1100°C for 2 h in 

(a) AgCl, (b) CaCl2 and (c) MgCl2 atmosphere. Due to limited availability of Cl- in (a), 

only a partial conversion to Cl-apatite occurs, whereas samples in (b) and (c) undergo 

nearly full conversion. 

 

XRD analyses were also carried out HA ceramics sintered in air and HCl for 6 h, respec-

tively (Figure 16). Both diffractograms are in good agreement with monoclinic apatite 

structures, as is common for synthetic apatites of very high purity.229 The XRD pattern for 
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HA sintered in air corresponds to diffraction files of pure HA (PDF 01-076-0694), whereas 

HCl-sintered HA can be identified as Cl-bearing hydroxyapatite (PDF 01-070-0794). When 

comparing the two diffractograms measured, a considerable shift of the HA (-2 2 2) peak 

towards higher 2θ values can be observed upon sintering in HCl. This corresponds to a 

partial replacement of the OH- groups by Cl-, resulting in an apatite solid solution.79 This 

substitutional reaction is independent of the phase conversion from β-TCP to Cl-apatite 

described above.228,230 The structural change causing an additional peak at 29.6° (2 θ) 

could not be identified (Figure 16b). 

 

 

Figure 16: Diffractograms of HA ceramics after sintering at 1100°C for 6 h in (a) air 

and (b) HCl atmosphere. Shifting of the HA (-2 2 2) peak towards higher 2 θ values 

indicates the substitution of OH- by Cl- (marked by arrow). 

 

With regard to the proposed application of vapor transport sintering for the fabrication of 

bone graft materials, issues of contamination by halide agents need to be addressed. Alt-

hough no phase diagrams are presently available for the given experimental conditions, 
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namely for vapor pressures of up to 30 bar within the silica containers caused by the ad-

dition of halide acids at sintering temperature, it can be derived from the literature that 

various calcium phosphate phases may be stable thermodynamically, depending both on 

the Ca/P ratio of the precursors74,231 and on the presence of impurities.232,233 Due to the 

“flexible” crystal structure of apatite, a large number of substitutions may occur.11,80 As 

can be derived from the sintering of pure HA in HCl for 6 h, the substitution of OH- by Cl- 

is a reaction favored under the specific sintering conditions. XRD, FTIR and EDS analyses 

confirmed that during sintering halogen ions (Cl-, Br-) enter the apatite lattice substituting 

for OH- ions. In the case of the Cl- ions this seems less of a concern, as they are a com-

mon impurity in human bone, dentine and enamel.234 In contrast, there are no natural 

occurrences of apatites containing more than trace amounts of Br-, although substitution 

is possible to some extent.80,235 Br- is highly toxic and, thus, its use cannot be recom-

mended for other than academic purposes. 

 

4.3.1.2. FTIR 

To obtain a better understanding of the substitutional reactions detected with XRD, se-

lected samples were subjected to FTIR analysis. Analysis of pure HA ceramic sintered 

freely for 6 h showed a strong vibrational mode at 3572 cm-1 that is caused by the hy-

droxyapatite OH- stretching vibration (Figure 17).11 In contrast, the spectrum obtained for 

a HA sample sintered in HCl for 6 h shows a distinct “splitting” into a set of peaks at 

3495-3570 cm-1. Similar sets of peaks were observed for HA-containing BCP and β-TCP 

after sintering in various reactive atmospheres (Figures 18 and 19).  

Dykes and Elliott were first to report an “additional” OH stretching mode at 3498 cm-1 

caused by c-axis substitution of limited amounts of Cl- for OH-.236 Best agreement of our 

results, however, was found with the study of Maiti and Freund on the incorporation of 

high amounts (10-96 %) of Cl- into HA.228 The authors concluded that the appearance of 

several additional bands was caused by the formation of O-H ∙∙∙ Cl hydrogen bonds. An 

analogous mechanism is here proposed for the HBr-sintered samples (Figures 18c and 

19c). Furthermore, the authors suggested that the incorporation of a small amount of OH- 

was energetically favorable, as compared to pure Cl-apatite. This helps to explain why 

some OH- is incorporated into the newly formed (i.e. β-TCP derived) apatite phase, as 

indicated by the corresponding vibrational bands (Figure 19). The uptake of OH- during 

sintering in the nominally water free and non-hygroscopic AgCl was probably caused by 

water vapor remaining in the ampoule after evacuation with a water jet pump. Thus, the 
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phases resulting from the β-TCP conversion can be characterized as halide apatites with a 

small fraction of OH- substituting for Cl- or Br- in the anion column along the c-axis. 

Summing up, as further supported by XRD and EDS data, the observed peak splitting cor-

responds to two distinct processes: (i) c-axis substitution of OH- groups by halogen ions in 

the apatite lattice, and (ii) phase conversion of β-TCP into Cl-apatite with some degree of 

OH- incorporation. 

 

 

 

Figure 17: FTIR spectra of HA ceramics after sintering at 1100°C for 6 h in (a) air and 

(b) HCl atmosphere. The stretching band of the OH-group at 3570 cm-1 (marked by 

arrow) degenerates into a set of peaks due to the c-axis substitution of OH- by Cl-. 
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Figure 18: FTIR spectra of BCP ceramics after sintering at 1100°C (a) presintered for 

1 min in air; sintered for 6 h in (b) HCl, (c) HBr and (d) AgCl atmosphere. Halide apa-

tite formation in (b-d) is indicated by the degeneration of the OH group’s stretching 

band (marked by arrow) into a set of peaks at 3495-3570 cm-1 as well as an overall 

increase of intensity. 
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Figure 19: FTIR spectra of β-TCP ceramics after sintering at 1100°C for 6 h in (a) air, 

(b) HCl and (c) HBr. Apatite formation is indicated by peaks in the range of 3495-

3570 cm-1 (marked by arrow). 

 

4.3.2. Microstructure Development 

4.3.2.1. Vapor Transport Sintering with Various Halide Agents 

For many of the systems tested, creating a reactive halide atmosphere proved successful 

regarding the stimulation of simultaneous pore and grain coarsening (Figures 20-22). Va-

por transport was considerably enhanced for both β-TCP and BCP in the presence of vari-

ous reagents, with the sole exception of HI acid (c.f. 4.3.2.2). Sintering in HCl atmosphere 

for 6 h at 1100°C produced average pore diameters of 4.3 ±2.8 µm for BCP ceramics, and 

6.1 ±4.8 µm for β-TCP (Figures 20d and 22a). By extending the holding time further to 

12 h, the average pore diameter of the resulting BCP ceramic eventually shrank to 2.0 

±1.8 µm, indicating a stagnation of the vapor transport process. For comparison, sintering 

under otherwise identical conditions in ambient atmosphere yielded pore diameters of 1.1 

±0.51 µm and 0.91 ±0.40 µm for BCP, after 6 h and 12 h, respectively, and 4.3 ±3.5 µm 
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for β-TCP after 6 h. Densification of the BCP samples was determined geometrically via 

the increase in relative density which amounted to 6.6 % after 6 h of sintering in HCl at-

mosphere. This is a significant reduction compared to free sintering in air which resulted 

in up to 37 % densification under the given experimental conditions (Figure 23). Compar-

ing BCP and β-TCP samples, the former showed much higher sinterability in terms of den-

sification. Shrinkage of β-TCP after 6 h amounted to less than 1 % in HCl atmosphere, 

and only to about 2 % in air. This observation – together with the relatively large pore 

size obtained for β-TCP upon free sintering – confirms its generally poor densification be-

havior that has already been noted by other authors.91,231 In the current experimental 

setup, the maximum pore size obtainable by VTS is on the order of 5 µm for both BCP 

and β-TCP, due to a stagnation of the coarsening process for holding times beyond 6 h 

(Figure 23). Thus, the pore geometry obtained under the given conditions is still far off 

the size required for the intended application as a bone graft material (i.e. 100-500 µm). 

Regarding pure HA ceramics, however, our results were rather inconclusive (Figure 24). 

Apparently, vapor pressures of the relevant compounds had not been raised to a level 

permitting substantial vapor transport. For sintering in HCl acid, no pore coarsening was 

evident, whereas grain growth was comparable to that observed upon sintering in air. 

However, exaggerated grain growth − also known as secondary recrystallization − and 

faceting occurred upon sintering with all other halide reagents tested, and most strongly 

so in the presence of water vapor (Figure 24d). Exaggerated grain growth leads to inclu-

sion of pores within oversized grains,217 with deleterious effects on both mechanical stabil-

ity and osteoconduction (c.f. chapter 2). 
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Figure 20: SEM images of BCP ceramics: (a) after presintering at 900°C for 1 min in 

air, (b) after sintering at 1100°C in HCl for 2 h, (c) 4 h and (d) 6 h. Vapor transport 

sintering in HCl atmosphere leads to simultaneous pore and grain coarsening over 

time. Please note the change of scale between (a) and (b-d). 

 

 

Figure 21: SEM images of BCP ceramics: (a) after sintering at 1100°C for 2 h in air, 

(b) HBr, (c) CaCl2 and (d) MgCl2 atmosphere. Simultaneous pore and grain coarsening 

occurs during vapor transport sintering in various halide atmospheres. 
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Figure 22: SEM images of β-TCP ceramics after sintering at 1100°C for 6 h in (a) HCl, 

(b) HBr, (c) HI and (d) air. Simultaneous pore and grain coarsening occurs in various 

halide atmospheres, with the exception of HI. 

 

 

 

Figure 23: Shrinkage of BCP ceramics upon sintering in air and in HCl atmosphere at 

1100°C for various holding times. 

 

 



47 

 

Figure 24: SEM images of HA ceramics sintered for 2 h in (a) HCl, (b) HBr, (c) HI and 

(d) H2O. Whereas no simultaneous pore and grain coarsening is evident in the pres-

ence of HCl, sintering in various other atmospheres induces exaggerated grain growth 

and faceting. 

 

4.3.2.2. Vapor Transport Sintering in HI Atmosphere 

For sintering experiments with hydroiodic acid (57 %), the microstructure development 

differed from the other sample-halide reagent systems. Sintering experiments were car-

ried out for HA, BCP and β-TCP ceramics for 0.5-12 h holding time. Although our thermo-

dynamic calculations point to relatively high amounts of all relevant volatile species in the 

sintering atmosphere, material transport is evidently not enhanced (c.f. Appendix, Figure 

52b). Instead, in the presence of HI acid, both microstructural coarsening and densifica-

tion were impeded during BCP and β-TCP sintering, as compared to sintering in the pres-

ence of other halide reagents or free sintering in air (Figures 22c and 25). Apart from 

that, sintering of HA was affected by exaggerated grain growth destroying the cohesion of 

the ceramic fabric (Figure 24c). These observations support our view that vapor transport 

of calcium phosphates is not simply driven by evaporation and re-condensation, but by 

the phase conversion of β-TCP into apatite. In fact, phase conversion is impeded in HI-

containing sintering systems, as further discussed in section 4.3.3.  
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Figure 25: SEM images of BCP ceramics sintered at 1100°C for 6 h (a) in HI atmos-

phere and (b) in air. Both densification and grain growth are retarded in the presence 

of HI, as compared to free sintering in air. 

 

4.3.2.3. Vapor Transport Sintering in AgCl atmosphere 

Most remarkable is the effect of AgCl as a sintering additive which not only facilitates VTS, 

but at the same time condenses as finely dispersed Ag-containing particles across the 

sample’s interior (Figure 26). AgCl is the only sintering agent used in this study to show 

such behavior. In this section, results of our experiments with β-TCP and BCP samples will 

be presented. Concerning HA ceramics, deviating effects were observed which are dis-

cussed in chapter 5.3. 

Sintering agent-derived Cl- is structurally incorporated into newly formed apatite, as con-

firmed by chemical and phase analysis (c.f. 4.3.1.1 and 4.3.1.2). Thus, the AgCl com-

pound condenses as finely dispersed AgCl1-x and, eventually, as Ag particles in pores and 

on the outer surface (Figure 26). After extended holding for 12 h, it is for the most part 

reduced to metallic silver, as confirmed by EDS. The Ag-containing particles grow unre-

strictedly at the sample’s rims to sizes of several 10 µm (Figure 27), whereas their growth 

within the scaffold’s interior is confined by the pore diameter (Figure 26b). The deposition 

of small Ag-bearing particles seemed promising with regard to the well-known antibacte-

rial properties of the metal (c.f. 2.3.5). As the Ag particles are only partially wetting the 

ceramic surface with a contact angle near 90° (Figure 27), the bioactive properties of the 

calcium phosphate scaffold should not be compromised. An assessment of Ag+ ion release 

into solution, as well as antibacterial tests for macroporous ceramics suitable for bone 

graft applications are presented in chapter 5.  
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Figure 26: SEM images of a BCP ceramic sintered at 1100°C for 6 h in AgCl atmos-

phere (a, b). AgCl-sintering combines enhanced vapor transport with AgCl1-x conden-

sation (white; Z-contrast) across the sample’s interior. 

 

 

Figure 27: SEM image of a BCP ceramic after sintering for 12 h at 1100°C in AgCl at-

mosphere showing partial wetting of the outer surface by Ag particles. Metallic silver 

condenses as Cl- is incorporated into the apatite lattice.237 

 

4.3.3. Material Transport during Vapor Phase Sintering 

Although VTS in halide atmospheres was proposed almost 30 years ago, the exact mech-

anism of material transport had not been fully understood, as yet. Readey and collabora-

tors assumed Ostwald ripening to account for particle coarsening during VTS, but had to 

acknowledge deviations from this model with regard to the resulting particle size distribu-

tion and activation energies.221,238 As a standard model for coarsening processes, Ostwald 

ripening describes the growth of large particles (or pores) at the expense of smaller ones 

(Figure 28).239,240 The process can be either controlled by interface reactions or by the 

diffusion rate in the surrounding medium.222 Alternatively, the Greskovich-Lay model de-

scribes coarsening of highly porous ceramics as a process of neck filling followed by grain 

boundary “sweep” through the smaller of two adjacent grains (Figure 29).241 Thus, grain 

growth depends on the relative size of the immediate neighbor, but not on a critical parti-
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cle size. Although Greskovich and Lay assumed surface diffusion to play a dominant role 

in neck growth, the same microstructural development may equally be caused by en-

hanced vapor transport. In both models, the driving force for coarsening is the reduction 

of interfacial free energy that can be achieved via surface reduction.218 Our investigations 

with EDS elemental mappings confirm that Ostwald ripening is the appropriate model to 

describe the coarsening process of calcium phosphate ceramics via VTS. 

According to the reaction equations provided by Readey and collaborators, material 

transport via the vapor phase is a process of evaporation and re-condensation of the 

same phase, as observed for all materials studied by their group (i.e. Fe2O3, Si, TiO2, ZnO 

and ZrO2).
221,222 However, we found that in the case of calcium phosphate ceramics, VTS 

is driven by the phase conversion of β-TCP into the more stable apatite phase. During 

sintering within the reactive atmosphere, volatile species are preferentially formed from 

small β-TCP grains, due to their comparatively high surface energy (c.f. 6.1). Continuous 

apatite condensation in turn consumes the volatile species, while filling up necks and cov-

ering surfaces of the precursor grains. To retain equilibrium partial pressures, more β-TCP 

evaporates, thus perpetuating the mass flow. Direct evidence of this process was ob-

tained by EDS elemental mappings: in Figure 30 the distribution of Cl within a β-TCP ce-

ramic sintered in HCl at 1100°C for 2 h is shown. Under the given experimental condi-

tions, VTS was carried out successfully. The presence of Cl indicates the condensation of 

Cl-apatite from volatile species, as determined by XRD analyses (c.f. 4.3.1.1). Thus, Cl 

mapping reveals the accretion of Cl-apatite on β-TCP grains which results in particle 

coarsening. During sintering, the rate of material transport can be assumed to be con-

stant, at most, or declining. Therefore, major causes for the observed stagnation of mi-

crostructural coarsening after several hours of sintering are (i) dependency of material 

volume that needs to be transported to achieve further coarsening on cubed particle radi-

us (Ostwald ripening) and (ii) either consumption of β-TCP or the halide reagent, depend-

ing on the experimental setup. 

In contrast, problems encountered during HA sintering suggest that this phase is too sta-

ble for mobilization via the formation of volatile species. As shown in Figure 31, upon sin-

tering in HCl at 1100°C for 2 h, Cl is homogeneously distributed within the HA ceramic. 

Under these conditions, no simultaneous coarsening of pores and grains was achieved. As 

further supported by XRD and FTIR analyses, Cl- becomes incorporated into the apatite 

lattice upon sintering, but only to a limited extent that serves to increase its stability (c.f. 

4.3.1.2). 
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By recognizing the phase transformation of β-TCP into Cl-apatite as the driving force be-

hind successful VTS, the ineffectiveness of HI as a sintering agent can be explained. In 

natural apatites, I- occurs in trace amounts only. Generally, its compatibility with F-, OH- 

or Cl- in the anion column along the c-axis has been questioned, due to the large ionic 

radius of I-.11,80 Synthesis is possible to some extent,242-244 but not for calcium phosphate 

apatites, i.e. apatites sensu stricto. As thermodynamical calculations suggest that Ca is 

mobilized in the form of CaI2 (c.f. 6.3.3), it seems plausible that conversion of β-TCP into 

an apatite phase is not favored in this sintering system. Indeed, only a small amount of β-

TCP is transformed into halide-free HA, as determined by XRD for β-TCP ceramics (c.f. 

4.3.1.1, Figure 14). Therefore, the influence of vapor transport remains negligible during 

sintering of β-TCP or BCP in HI atmosphere (c.f. 4.3.2.2). 

 

 

Figure 28: Schematic of the Ostwald ripening process. The model is applicable to 

coarsening phenomena of both particles and pores (after Ode et al. 2000).245 

 

 

 

Figure 29: Schematic of the Greskovich-Lay model for shrinkage-free grain growth due 

to grain boundary movement (after Greskovich and Lay 1972).241 
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Figure 30: EDS mapping showing the heterogeneous Cl distribution in a β-TCP ceramic 

sintered in HCl atmosphere at 1100°C for 2 h: (a) SE image overlain by EDS signal 

indicating the presence of Cl, (b) EDS signal and (c) SE image. Cl-apatite accretion on 

β-TCP grains results in particle coarsening. 

 

 

Figure 31: EDS mapping showing the homogeneous Cl distribution in a HA ceramic 

sintered in HCl atmosphere at 1100°C for 2 h: (a) SE image overlain by EDS signal 

indicating the presence of Cl, (b) EDS signal and (c) SE image. Pore and grain coars-

ening are impeded, while Cl- is incorporated into the apatite lattice (no phase conver-

sion involved). 

 

4.3.4. Surface Diffusion 

To investigate the influence of surface diffusion as an alternative process to stimulate 

shrinkage-free pore and grain coarsening, low-temperature sintering experiments were 

conducted with β-TCP, BCP and HA samples prepared as described in chapter 4.2. Free 

sintering was carried out at 500°C, 600°C and 700°C in air for holding times of 0.5 to 

12 h using at least three samples per condition. 
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Shrinkage was virtually nonexistent for samples sintered at 500°C and markedly reduced 

for holding temperatures of 600°C and 700°C, as compared to conventional sintering at 

1100°C; data are shown exemplarily for HA in Figure 33. The results are in good agree-

ment with the observation of Raynaud et al. that densification of compacted calcium 

phosphate powders starts above 700°C, as indicated by the decrease of total surface ar-

ea.91 Microstructure characterization via SEM imaging showed that no substantial neck or 

grain growth was observable after up to 12 h of sintering at 700°C for HA, β-TCP and BCP 

(Figure 32). Thus, surface diffusion poses no alternative to vapor transport sintering for 

shrinkage-free microstructural coarsening at temperatures low enough to prevent densifi-

cation caused by other transport mechanisms (c.f. 4.1, Figure 11). 

 

 

 

 

Figure 32: SEM images of calcium phosphate ceramics sintered at 700°C in air for var-

ious holding times: HA after (a) 0.5 h and (b) 12 h; β-TCP after (c) 0.5 h and 

(d) 12 h; BCP after (e) 0.5 h and (f) 12 h. The starting grain size of β-TCP is compara-

tively large due to the calcination step (c.f. 4.2.1). Therefore, BCP specimens show a 

bimodal grain size distribution. At this low holding temperature, no pore and grain 

coarsening can be observed. 
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Figure 33: Shrinkage of HA ceramics upon free sintering at various temperatures and 

holding times. Error bars indicate the standard deviation. 

 

4.4. Chapter Conclusion 

For the first time, vapor transport sintering (VTS) in halide atmospheres was successfully 

applied for the fabrication of porous calcium phosphate scaffolds. During sintering, the 

presence of a reactive halide atmosphere enhanced evaporation and re-condensation of 

calcium phosphates. This promoted the simultaneous coarsening of pores and grains for 

both β-TCP and BCP ceramics in combination with nearly all tested additives, i.e. halide 

acids (HCl, HBr), as well as the easy-to-handle solid chlorides (CaCl2, MgCl2 and AgCl). 

Sintering of HA samples did not yield the expected results, however, as no significant pore 

coarsening could be observed. Instead, exaggerated and faceted grain growth commonly 

occurred.  

As can be inferred from the results obtained by complementary analytical methods (i.e. 

XRD, FTIR and EDS), two distinct reactions are characteristic for sintering of calcium 

phosphates in halide atmospheres: (i) c-axis substitution of OH- groups by halogen anions 

in the apatite lattice, and (ii) phase conversion of β-TCP into Cl- or Br-apatite – depending 

on the halide agent used –, with some degree of OH- incorporation. Due to differing Ca/P 

ratios, Ca2+ vacancies are formed during the phase conversion of β-TCP into apatite to 

retain stoichiometry. However, additional cations can be introduced by appropriate halide 

agents, such as CaCl2 and MgCl2, for compensation. As the phase conversion can further 

be influenced by limiting the Cl- or Br- availability, β-TCP and BCP are both suitable start-

ing materials for the fabrication of porous ceramics with adjustable phase composition. As 
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the only sintering agent among the ones tested, HI turned out to be ineffective, because 

the large ionic radius of I- impairs the phase transformation of β-TCP into a halide apatite. 

The Ostwald ripening model was shown to be adequate for characterizing the coarsening 

process during VTS. Particles grow by condensation of newly formed Cl-apatite on the 

precursor grains, thus facilitating grain growth by accretion. Surface diffusion as an alter-

native shrinkage-free process of material transport was shown to be ineffective regarding 

the stimulation of pore and grain coarsening. 

To conclude, VTS processing of β-TCP and BCP ceramics provides a ceramic scaffold 

structure with fully interconnected porosity and holds potential for the near-net-shape 

manufacturing of custom-made ceramics. However, since the pore diameters attainable 

via VTS are limited to about 5 µm, it needs to be combined with other processing tech-

niques to create adequate macroporosity with diameters on the order of 100-500 µm to 

meet the requirements for bone graft applications. Despite this limitation, the fine disper-

sion of Ag-bearing particles throughout the scaffold’s interior, caused by AgCl-sintering, 

seemed promising with regard to an antibacterial modification of the material. Therefore, 

this approach was followed applying VTS in AgCl atmosphere to macroporous scaffolds 

derived from biogenic precursors, as reported in the following chapter.  
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5. Vapor Transport Sintering of Biogenic Scaffolds 

5.1. Introduction to the Hydrothermal Conversion of Carbonates 

Among the various processes devised for the fabrication of calcium phosphate scaffolds, 

the hydrothermal conversion of coral skeletons (CaCO3; aragonite) into hydroxyapatite is 

well-established, as the pore volume and geometry of the precursor material match the 

requirements for bone graft applications.19,82,246 The phase conversion takes place accord-

ing to the following reaction: 

                             
      
→                                         

In clinical studies, scaffolds produced by this method have shown favorable properties 

with regard to cell apposition and differentiation, followed by de novo bone formation.247 

During the conversion process, the macroscopic structure of the coral is preserved, while 

the phase composition changes due to locally coupled dissolution and recrystallization.248 

However, this method is not restricted to the pseudomorphic replacement of coralline 

aragonite, but it can equally be applied to both biogenic and inorganically formed 

calcite.248-253 

Efforts have been made to enhance the clinical performance of calcium phosphate im-

plants by modification with antibacterial agents. Several studies on Ag-modifications ap-

plied to a range of calcium phosphate materials have demonstrated the viability of the 

concept, as detailed in 2.3.5. Using AgCl as a vapor transport sintering (VTS) agent, the 

surface modification with finely dispersed AgCl is possible due to particle condensation 

throughout the scaffold’s interior. As shown in chapter 4, VTS allows thermal treatment of 

calcium phosphates with near-zero shrinkage. However, pore coarsening stagnates after 

holding times of several hours and the maximum average pore size obtained for powder-

derived HA−TCP composites was ca. 5 µm after 6 h. Because of this limitation, VTS needs 

to be combined with other techniques to create the macroporosity required for bone graft 

applications. 

For this feasibility study, two processing methods have been combined for the fabrication 

of macroporous calcium phosphate scaffolds with antibacterial properties: (i) hydrother-

mal conversion of biogenic carbonates and (ii) vapor transport sintering in chlorargyrite 

(AgCl) atmosphere, as a novel approach for the surface modification of calcium phosphate 

scaffolds with Ag-bearing particles. 
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5.2. Experimental Procedure 

5.2.1. Hydrothermal Conversion and Sintering 

Two biogenic carbonate minerals were selected as precursor materials for this study: coral 

skeletons (Porites sp.; aragonite) and sea urchin spines (Heterocentrotus mammillatus; 

Mg-bearing calcite). Aliquots of the sample material were cleaned in H2O2 for 6 h to re-

move organic residue. Hydrothermal conversion into calcium phosphate was accomplished 

by immersion in one-molar solution of (NH4)2HPO4 within Teflon™-lined autoclaves that 

were held in a box furnace at 180°C for two weeks. Before and after thermal treatment, 

the autoclaves were weighed and evaporation losses were found to be consistently below 

0.5 wt%. Afterwards, the samples were rinsed thoroughly with deionized water and dried 

at 110°C for 6 h. To obtain enough sample material for characterization, 15 g of each 

precursor mineral were converted in five autoclave runs. After conversion, samples were 

sealed off in evacuated silica ampoules together with an AgCl powder additive (0.3 g per 

1 g sample material) which creates a reactive chloride atmosphere at elevated tempera-

tures. VTS was carried out at 1100°C for 6 h. 

 

5.2.2. Analytical Methods 

Chemical analysis of the precursor materials was performed with a S8 Tiger wavelength 

dispersive X-ray fluorescence instrument (WDXRF; Bruker, Karlsruhe, Germany). To ac-

count for matrix absorption effects, CaO was assumed to be present in the form of calcite 

(CaCO3), SO3 as gypsum (CaSO4∙2H2O) and Na2O as halite (NaCl). This seems plausible 

with regard to the marine environment in which the biogenic carbonates were formed. 

Moreover, the phase composition of samples from all processing stages was analyzed with 

powder XRD. Additionally, the coral-derived samples were analyzed after both conversion 

and subsequent free sintering with DRIFTS. Characterization of the microstructure was 

performed at all processing stages by SEM with integrated EDS. For this purpose, fracture 

surfaces were carbon sputtered to minimize charging under the electron beam. To deter-

mine the average pore diameters (Feret’s diameter) from SEM images of polished sam-

ples, the Image J software package (ImageJ 1.45b, National Institutes of Health, U.S.A.) 

was used. TEM imaging of selected samples was performed by Stephanie Schultheiss us-

ing an FEI CM20 microscope equipped with a Gatan double tilt holder at a nominal accel-

eration voltage of 200 kV. TEM specimens were prepared as thin sections by polishing 

and subsequent ion milling to perforation.  
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To assess the availability of Ag+ ions, the dissolution kinetics of AgCl and Ag3PO4 powder, 

metallic Ag, as well as Ag-modified ceramics were studied. Dissolved Ag+ was measured 

as a function of time, using a silver ion-selective electrode (ISE). The electrode was cali-

brated against a series of AgNO3 solutions with concentrations of 0.01, 0.1, 1, 10 and 

100 mg/l. The Nernst gradient determined from the linear range of the standard curve 

was in good agreement with the theoretical value of 61.5 mV at 37°C. Batches of 50 mg 

of the powder reagents, a silver ring, as well as pieces of the coral- and sea urchin de-

rived ceramics corresponding to 50 mg AgCl reagent (0.3 g reagent per 1 g ceramic) were 

each immersed into 98 ml deionized water with 2 ml of NaNO3 (5 mol/l) added for ionic 

strength adaption and held at 37°C. Analyses were carried out under constant stirring 

until solubility equilibrium was reached, which generally occurred after a few hours. To 

prevent chemical alteration of the light-sensitive Ag-compounds, experiments were con-

ducted in darkness. 

 

5.2.3. Antibacterial Testing 

In collaboration with the Chair of Microbiology and Archaea, Department of Biology, 

Technische Universität Darmstadt, the antibacterial properties of the Ag-modified ceram-

ics were tested against Staphyloccocus aureus DSM 1104 and Pseudomonas aeruginosa 

DSM 1117. Both strains were cultivated in yeast extract dextrose (YED, 5 g/l peptone, 2.5 

g/l yeast extract, 1 g/l glucose at pH 7.0) medium at 37°C and 180 rpm. To assess the 

antimicrobial properties of the ceramic samples (coral and sea urchin Ag-modified and 

non-modified), specimen were ground and 10 mg powder placed on agar plates (YED 

with agar 15 g/l), top layered with seeded soft agar (YED with agar 10 g/l, containing 108 

cfu/ml). Inoculated plates were pre-incubated for 2 h at 4°C and 15 h at 37°C. After 

growth, five zones of inhibition (in mm) were measured per sample, starting from the 

outer rim of the ceramic powder. To analyze the bacterial inhibition in liquid, 50 mg pow-

der of AgCl, Ag3PO4 and Ag-modified ceramic (coral) were immersed into 100 ml deion-

ized water and stirred over night at room temperature. The solutions were adjusted to an 

Ag+ concentration of 1 mg/l. Then, 1.8 ml of the solutions were transferred to a 2 ml re-

action tube, mixed with 0.2 ml 10 x YED medium, serially diluted (0.9, 0.45, 0.23, 0.11, 

0.06 mg/l), inoculated with a fresh over night culture of Pseudomonas aeruginosa (final 

cell suspension 1.8 x 104 cfu/ml) or Staphyloccocus aureus (final cell suspension 0.8 x 104 

cfu/ml), respectively, and incubated for 26 h at 37°C. After incubation, bacterial growth 

was evaluated via optical density (OD) at 580 nm. All antimicrobial tests were performed 

in triplicates and conducted under ruby light. 
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5.3. Results and Discussion 

5.3.1. Chemical and Phase Analysis 

5.3.1.1. XRF 

Wavelength-dispersive XRF was applied for the identification of chemical impurities within 

the carbonate precursor materials (c.f. Experimental); the results are summarized in Table 

2. A notable difference between the two biogenic materials is the much higher amount of 

MgO in the sea urchin spine (3.96 wt%), as compared to the coral (0.31 wt%) which was 

found to favor the formation of Mg-TCP over HA during hydrothermal conversion (c.f. 

5.3.1.2, Table 3). Correlations between Mg-content and β-TCP stabilization upon heating 

have been reported for both calcified tissues and synthetic calcium phosphates.254-256 Oth-

er impurities were present in low concentrations only. 

 

Table 2: Carbonate precursor chemistry as determined by WDXRF (in wt%).  

 MgO CaO Na2O P2O5 CO2 H2O SO3 Cl Sr Total 

Coral 0.31 52.63 0.51 <0.03 40.99 0.26 0.58 0.58 0.79 96.65 

Sea urchin 3.96 52.67 0.75 <0.03 40.81 0.42 0.94 0.86 0.20 100.61 

 

5.3.1.2. XRD 

XRD analyses were performed to characterize changes in the phase composition during 

the subsequent processing steps, as summarized in Table 3. The precursor minerals were 

confirmed to be aragonite (coral; PDF 00-041-1475) and Mg-bearing calcite (sea urchin; 

PDF 00-043-0697); the corresponding diffractograms are not shown here. For both coral- 

and sea urchin-derived samples, the phase conversion from carbonate to phosphate was 

complete (Figures 34a and 35a). Generally, both stoichiometric and Ca-deficient HA (Ca/P 

ratio: 1.67 and 1.67-1.5, respectively) are more stable than β-TCP (Ca/P ratio: 1.5) under 

hydrothermal conditions.84,93 However, substitution of Mg2+ for Ca2+ is possible only to a 

limited extent in HA, given that no further substitution reactions are physically compen-

sating for the small ionic radius of Mg2+.11,257,258 In contrast, Mg2+ is readily incorporated 

into β-TCP occupying up to 14% of the cation sites, and preferably so if it is co-

precipitated with HA.259-261 Thus, Mg-bearing β-TCP (Mg-TCP) was formed under the given 

hydrothermal conditions. Corresponding to the Mg-concentrations of the precursor mate-

rials (Table 2), Mg-TCP was detected only in small amounts in coral-derived samples, but 

as the dominant phase in sea urchin-derived ones upon hydrothermal conversion. 
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For assessing phase stoichiometry, converted samples were subjected to free sintering in 

air at 1100°C for 6 h. Ca-deficient HA can be distinguished from stoichiometric HA by its 

partial or full decomposition into β-TCP upon thermal treatment, depending on the initial 

Ca/P ratio.84 For the coral-derived sample, the relative amount of Mg-TCP increased upon 

free sintering, indicating a moderate Ca-deficiency (Figure 34b). Regarding the sea ur-

chin-derived sample, Ca-deficiency in the converted sample was revealed by the disap-

pearance of the minor HA phase and the formation of Ca-pyrophosphate (Ca2P2O7; Ca/P 

ratio: 1.0) upon free sintering (Figure 35b). The Ca-deficiency observed in both materials 

is evidently caused by some degree of CO3
2- substitution at the PO4

3- site in the apatite 

lattice that is compensated by one ½ Ca2+ vacancy to retain charge balance (B-type sub-

stitution).262-264 Due to the decomposition of the CaCO3 precursor during hydrothermal 

conversion, dissolved CO3
2- is available in great quantity. Since the CO3

2- groups within HA 

are not thermally stable,11,265 though, the substitutional reaction was revealed by phase 

transformations upon free sintering. 

VTS of coral-derived samples in AgCl atmosphere lead to the partial substitution of OH-

groups with Cl- in the apatite lattice, as indicated by peak shifts in the diffractogram 

(Figure 34c). However, Cl- is a common impurity in human bone,266 so this should have no 

bearing on the material’s prospective medical use. Moreover, VTS had no observable ef-

fect on the stability of Mg-TCP present in both sample materials (Figures 34c and 35c). 

This is remarkable, as pure β-TCP readily transforms into Cl-apatite that is necessarily Ca-

deficient.237 However, analogous to the hydrothermal setting, the presence of Mg2+ shifts 

the phase stability in favor of Mg-TCP also under VTS conditions. Generally, the substitu-

tion of Mg2+ for Ca2+ in β-TCP was reported to have favorable effects with regard to ce-

ramic processing, by enhancing densification behavior, thermal stability and mechanical 

properties, as compared to the pure phase.232 Unfortunately, the major diffraction peaks 

of AgCl overlap those of apatite. This precludes the analysis of small amounts of the latter 

phase in sea urchin-derived samples (Figure 35c).  
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Figure 34: X-ray diffractograms of a coral-derived calcium phosphate scaffold (a) after 

hydrothermal conversion and after sintering at 1100°C for 6 h in (b) air and (c) in 

AgCl atmosphere. Numerical codes specify the powder diffraction file (PDF). 
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Figure 35: X-ray diffractograms of a sea urchin-derived calcium phosphate scaffold 

after (a) hydrothermal conversion and after sintering at 1100°C for 6 h in (b) air and 

(c) in AgCl atmosphere. Numerical codes specify the powder diffraction file (PDF). 

 

 



64 

Table 3: Phase chemistry as determined by XRD; major phase(s) underlined. 

Coral Precursor Aragonite 

 After hydrothermal conversion HA, Mg-TCP 

 After free sintering (1100°C, 6 h) HA, Mg-TCP 

 After VTS in AgCl (1100°C, 6 h) Cl-HA, Mg-TCP; AgCl# 

Sea urchin Precursor Mg-Calcite 

 After hydrothermal conversion Mg-TCP, HA 

 After free sintering (1100°C, 6 h) Mg-TCP, Ca-Pyrophosphate 

 After VTS in AgCl (1100°C, 6 h) Mg-TCP; AgCl# 

#Photosensitive Ag3PO4 was not determined. 

 

5.3.1.3. FTIR (DRIFTS) 

To document the presumed carbonate substitution leading to Ca2+-deficiency in HA upon 

hydrothermal conversion, the coral-derived samples were analyzed by DRIFTS both after 

conversion and subsequent free sintering. There are two positions that a CO3
2- ion can 

possess within the apatite lattice: it may either replace two OH- ions on the six-fold screw 

axis (A-type), or one PO4
3- ion (B-type). The latter substitution is accompanied by the 

formation of one ½ Ca2+ vacancy to retain charge balance.262-264 Considering the substitu-

tions as point defects within the lattice, the reactions can be expressed in Kröger-Vink 

notation:267 

A-type:      
   

      
→         

      
  

B-type:      
   

      
→         

  
        

   

Due to the complex chemical situation during hydrothermal conversion, namely the poten-

tial contributions from bicarbonate, hydrogen phosphate and adsorbed carbonate ions, as 

well as the resulting two-phase composition (HA and Mg-TCP), the corresponding IR ab-

sorption bands tend to be rather broad.11 However, good agreement was found with sev-

eral studies concerned with hydrothermal conversion, namely that of Hu et al. on corals 

(B-type),251 Rocha et al. on cuttlefish bone (AB-type),252 as well as that of Zaremba et al. 

on gastropod nacre (A-type).248 After hydrothermal conversion, the IR spectrum showed 
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several bands indicative of carbonate groups in both A-type (1545, 1450 and 880 cm-1) 

and B-type positions (1465, 1412 and 873 cm-1) (Figure 36a).268 Moreover, the band at 

2340 cm-1 is characteristic of molecular CO2 trapped in the apatite lattice.269  

Subsequent free sintering at 1100°C for 6 h had several effects on the carbonate apatite 

structure. While the intensity of the vibrational bands related to the B-type substitution 

nearly vanished, it decreased only slightly for the A-type bands (Figure 36b). This can be 

explained by CO3
2- ions migrating from the PO4

3- to the OH- ion site upon heating.270 As 

the Ca2+ vacancies are not stabilized any longer, a partial phase transformation into β-TCP 

occurs, as determined with XRD (Figure 34a). Under the given experimental conditions of 

sintering in ambient (i.e. humid) atmosphere, CO3
2- ions in A-sites will become substituted 

by OH- groups over time,270 as confirmed by a corresponding increase of the OH- stretch-

ing band at 3572 cm-1.11 The overall decline in intensity observed for carbonate-related 

bands indicates the diffusion of carbonate ions from both A- and B-sites out of the lattice. 

Moreover, molecular CO2 was released during sintering, as marked by the disappearance 

of the corresponding band at 2340 cm-1. 

Although carbonate groups are driven out of the apatite lattice upon heating, it can be 

stated that the major phases of the converted materials remain stable during VTS. There-

fore, depending on the specific application, both HA and Mg-TCP scaffolds can be pro-

duced starting from coral skeletons or sea urchin spines, respectively. 
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Figure 36: DRIFTS spectrum of coral-derived calcium phosphate scaffolds after 

(a) hydrothermal conversion and (b) subsequent free sintering at 1100°C for 6 h. 

Changes between the two spectra document the loss of carbonate groups from the 

apatite structure, particularly from B-type substitutional sites. Please note that in the 

TCP-based samples (i.e. sea urchin-derived) no site specific ion exchange reactions 

took place and hence corresponding spectra are not shown here. 

 

5.3.2. Microstructure Development 

Hydrothermal conversion of calcium carbonates into calcium phosphates was carried out 

to retain the intricate structures of coral skeletons and sea urchin spines which are char-

acterized by an interconnected macroporosity. During the conversion process, the crystal-

line fabric of the precursor is replaced without structural coherency by a finer grained 

microstructure with nanoporosity compensating for a volume loss of 6 % for arago-

nite − HA and 12.7 % for the calcite − HA transition,253 as demonstrated by TEM imaging 

(Figure 37).  

During VTS, sample shrinkage is generally much reduced compared to free sintering in 

air.222,237 Moreover, particles of the volatile AgCl sintering agent condensed throughout the 
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ceramic scaffold, as determined with EDS. Condensate size was restricted by the contain-

ing pores (Figures 38 and 39). Statistical analysis of SEM images confirmed that the aver-

age macropore size of hydrothermally converted coral- and sea urchin scaffolds was not 

affected by the sintering process and remained constant at ca. 200 µm and 30 µm (Fer-

et’s diameter), respectively. In contrast, microporosity contained inside the trabeculae, 

i.e. the scaffold’s struts, was subject to coarsening. 

 

 

Figure 37: TEM images (bright field) of a coral skeleton (a) before and (b) after hydro-

thermal conversion from calcium carbonate (aragonite) into calcium phosphate (hy-

droxyapatite). The crystalline precursor material is replaced without structural coher-

ency by a finer grained, nanoporous fabric. Images courtesy of S. Schultheiss. 

 

 

Figure 38: SEM images (BSE) of a coral-derived Ca-phosphate ceramic after vapor 

transport sintering at 1100°C for 6 h; (a) interconnected macroporosity of the materi-

al and (b) microporosity partly filled with fine AgCl particles (white; Z-contrast). 
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Figure 39: SEM images (BSE) of a sea urchin-derived Ca-phosphate ceramic after va-

por transport sintering at 1100°C for 6 h; (a) interconnected macroporosity of the 

material and (b) microporosity partly filled with fine AgCl particles (white; Z-contrast). 

 

5.3.3. Assessment of Antibacterial Properties 

5.3.3.1. Ag+-Release into Solution 

As Ag+ release into aqueous solution is a precondition to antibacterial activity, it was 

measured as a function of time for AgCl and Ag3PO4 powder, metallic Ag and both coral- 

and sea urchin-derived Ag-modified ceramics. Ag+-concentration measurements showed 

that Ag+ ions were released from the Ag-modified ceramics immediately upon immersion 

in aqueous solution (Figure 40). Within a few hours, solubility equilibria were reached, 

stressing the ceramics’ potential for antibacterial action. Calculation of Ag+ concentrations 

at solubility equilibrium from electrode potentials reached after 18 h of immersion gave 

values of 28.6 mg/l for Ag3PO4 and 2.03 mg/l for AgCl. Ag+ concentrations derived from 

metallic silver constantly remained below the detection limit of the electrode (<0.1 mg/l). 

Concentration values for the Ag-modified ceramics were intermediate between that of the 

pure reagents, indicating that a mixture of the Ag-containing phases had formed during 

sintering. The Ag+ solubility equilibrium obtained for the coral-derived ceramic was 

3.87 mg/l, falling in between the values for AgCl and Ag3PO4 which points to the presence 

of both phases. Although the light-sensitive Ag3PO4 was not detected with XRD, a yellow-

ish tinge on the sample’s surface supports the assumption that it was formed during va-

por transport sintering of the HA-based ceramic. Further evidence for the formation of 

Ag3PO4 derived from antibacterial testing in solution is discussed below. In contrast, the 

final concentration induced by the sea urchin-derived sample was 0.74 mg/l, i.e. in be-

tween the values for AgCl and metallic silver. This can be explained by the loss of Cl- due 

to the formation of small amounts of Cl-apatite, thereby reducing AgCl to metallic silver, 

or possibly due to sample aging during storage. To further test these assumptions, exper-

iments were conducted under otherwise same conditions for phase mixtures of 
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Ag3PO4 − AgCl powder (25 mg each) and AgCl − metal (50 mg powder; silver ring). Good 

agreement was achieved with the Ag+ release rate of coral- and sea urchin-derived ce-

ramics, respectively, which supports the presence of phase mixtures on the ceramic sur-

faces (Figure 41). Deviations occurring after ca. 2 h of immersion may be due to specific 

interactions between ceramic and solution, since depletion of the Ag+-source which was 

present in excess can be ruled out. 

 

 

 

Figure 40: Ag+-release into deionized water at 37°C determined for various Ag-

containing compounds as a function of time.  
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Figure 41: Ag+-release into deionized water at 37°C determined for various Ag-

containing compounds as a function of time. 

 

5.3.3.2. Bacterial Strain Testing 

Biomineral-derived ceramic samples (Ag-modified and reference), as well as solutions 

containing Ag+ dissolved from AgCl and Ag3PO4 powders were tested with respect to their 

antibacterial properties against two bacterial strains, the Gram-negative Pseudomonas 

aeruginosa and the Gram-positive Staphyloccocus aureus. Both of them are commonly 

found in infected wounds in humans forming polybacterial biofilms impairing wound heal-

ing.271 Experiments were conducted in collaboration with Sabrina Fröls and Felicitas Pfeifer 

at the Department of Biology, Technische Universität Darmstadt.  

Bacterial growth inhibition was tested on seeded agar plates with a known number of 

bacteria (108 cfu/ml) and inoculated with ceramic powders, both Ag-modified and non-

modified. Only Ag-modified ceramics showed a distinct antibacterial effect against Pseu-

domonas aeruginosa and Staphyloccocus aureus, whereas no growth inhibition effects 

were observed for the non-modified ceramics (Figure 42a). Analysis of the zone of inhibi-

tion showed that growth inhibition was stronger against the Gram-positive test strain, 

relative to the Gram-negative one (Figure 42b). These results are consistent with the 

known antibacterial effect of silver nanoparticles.272 No substantial differences were found 

between the coral- and sea urchin-derived ceramics tested, i.e. Pseudomonas aeruginosa 
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(coral 2 ±0.12, sea urchin 1.9 ±0.18, n=15) and Staphyloccocus aureus (coral 4.1 ±0.34, 

sea urchin 3.1 ±0.18, n=15).  

Serial dilutions of Ag+-containing solutions prepared from Ag-modified coral ceramic, AgCl 

and Ag3PO4 powders with Ag+ concentrations adjusted to values ranging from 0.9 mg/l to 

0.06 mg/l were inoculated with equal amounts of bacteria (104 cfu/ml). Bacterial growth 

was monitored by the optical density at 580 nm after incubation. At the same ionic con-

centrations, the antibacterial effect of Ag3PO4 was up to 12 times stronger, as compared 

to AgCl. Moreover, the inhibitory effect of the Ag+ ion solution derived from the Ag-

modified coral ceramic was intermediate (Figure 43). This effect can be attributed to the 

formation of Ag3PO4 during VTS, as supported by sample color and the ion-selective elec-

trode measurements. Within the AgCl sintering atmosphere, volatile phosphate is availa-

ble to react with silver to form Ag3PO4. 

 

 

Figure 42: Antibacterial effects of Ag-modified ceramics on Gram-negative (Pseudo-

monas aeruginosa) and Gram-positive strains (Staphyloccocus aureus). (a) Seeded 

agar plates inoculated with coral-derived ceramic powder, Ag-modified (+Ag) and 

non-modified (-Ag); (b) zone of inhibition analysis of Ag-modified coral- and sea ur-

chin-derived ceramic powder, each bar represents the average of 15 measurements.  

 

 

Figure 43: Optical density (OD) at 580 nm measured after 26 h in the presence of Ag+ 

solutions (prepared with Ag3PO4, AgCl and Ag-modified coral-derived ceramic). Inocula 

of 104 cfu/ml were used for both Pseudomonas aeruginosa and Staphyloccocus aure-

us. 
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5.4. Chapter Conclusion 

The combination of two processing methods, namely (i) hydrothermal conversion of bio-

genic carbonate scaffolds and (ii) vapor transport sintering in AgCl atmosphere, produces 

the interconnected pore geometry and phase composition as required for bone graft ce-

ramics, along with a surface modification of Ag-containing phases. The Mg-content of the 

carbonate precursor materials used, i.e. coral skeletons and sea urchin spines, determines 

the phase composition of the conversion product by stabilizing Mg-bearing β-TCP at the 

expense of HA. Sintering in AgCl atmosphere facilitates both, microstructural coarsening 

without macropore shrinkage, as well as the condensation of finely dispersed AgCl and 

Ag3PO4 particles throughout the scaffold. Representing a novel class of ceramic compo-

sites, these materials are promising with regard to the antibacterial properties of Ag+ ions. 

Moreover, the major phases present in the converted scaffolds remain stable during VTS, 

allowing the fabrication of both HA and Mg-TCP ceramics. 

By determining dissolution kinetics, it could be shown for both types of Ag-modified ce-

ramics that Ag+ was immediately released into aqueous solution and reached solubility 

equilibrium within a few hours. Thus, Ag+ availability as the precondition for antibacterial 

activity is given. Moreover, both Ag-modified ceramics showed an antimicrobial effect, 

which was stronger for Gram-positive bacteria than for Gram-negative bacteria. Growth 

inhibition studies with Ag+ solutions suggest that the antibacterial effect of the ceramic 

was caused by a phase mixture of AgCl and Ag3PO4 present on the surface of the ceramic 

scaffold. 
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6. Thermodynamical Calculations 

6.1. Introduction*** 

For a given temperature, the vapor pressure over a condensed phase has a distinct value; 

i.e. the equilibrium vapor pressure of sublimation. If an additional pressure acts upon the 

system – as exerted, for example, by an inert gas – the vapor pressure rises; it is then 

denoted as equilibrium partial pressure. Moreover, in a system that comprises condensed 

phases, as well as phases that exclusively occur in the vapor phase – such as water at 

temperatures beyond the critical point –, equilibrium will form (i) between each con-

densed phase and the corresponding vapor phase, and (ii) between the reaction products 

of all volatile species. Again, for such a complex system, the partial pressure of any vola-

tile species in equilibrium with the corresponding condensed phase(s) is exactly deter-

mined by its thermodynamical properties, namely the enthalpy of sublimation. 

However, the surface curvature of the condensed phase has an influence on the local 

partial pressure, with values over concave surfaces being lower relative to a flat plane. 

This is due to corresponding differences in the surface energy of the condensed phase. 

For instance, the vapor pressure over the small negative radius of a sintering neck is re-

duced, according to the Kelvin equation:274 
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)  (Kelvin equation) 

with ideal gas constant,  , temperature,  , equilibrium partial pressure over a flat sur-

face,   , and over a curved surface,   , molecular weight,  , surface energy,  , density, 

 , radius of the neck,  , and radius of the grain boundary,  . 

Assuming that gas diffusion is rapid during vapor phase transport, the equilibrium partial 

pressures of volatile species indicate the potential for neck and particle growth via this 

route at sintering temperature. As will be demonstrated for several systems of interest, 

the equilibrium partial pressure of a species can be influenced via sintering temperature 

and system pressure. Moreover, the presence of highly reactive halides promotes the 

formation of volatile species, such as CaCl2, that act as a carrier for the otherwise immo-

bile calcium.  

For clarity of presentation, the figures displayed in this chapter are reduced to information 

on the most relevant species. Fully annotated graphs, together with supplementary data, 

are provided in the Appendix. 

                                           

***
If no other source is referred to in this chapter, recourse to the handbooks of Atkins (1994)205 

and Gaskell (1981)273 has been made. 
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6.2. Experimental Procedure 

Thermodynamical calculations were carried out using the Thermo-Calc™ software pack-

age (Thermo-Calc Software, Stockholm, Sweden) in combination with the SGTE Sub-

stances Database (version SSUB 4). Calculations were restricted to reactions of pure TCP 

with various sintering agents, as no data were available for HA and Cl-apatite. The ambi-

ent atmosphere was modeled to be inert, consisting of pure Ar.  

The work was carried out in collaboration with the working group of Prof. Dr. Hans Sei-

fert, Karlsruhe Institute of Technology. Their valuable suggestions and practical help are 

gratefully acknowledged. 

 

6.3. Results and Discussion 

6.3.1. Equilibrium Partial Pressures for Free Sintering 

Conditions 

For assessing the contribution of mass transport through evaporation and re-condensation 

during free sintering of β-TCP, the partial pressures of volatile species were calculated as 

a function of temperature. To estimate the importance of vapor transport relative to vol-

ume diffusion, the following equation was derived by Readey:222 

 ̇  

 ̇ 
        

  

 
 

With rate of neck growth due to vapor transport,  ̇  , and due to volume diffusion,  ̇ , 

partial pressure of the vaporizing species,   , and the volume diffusion coefficient,  . The 

units of    and   are    and       , respectively.  

For vapor transport to exert a significant influence on the coarsening process, the rate-

determining species should theoretically have a partial pressure of at least 10-5 bar. Free 

sintering conditions for TCP were modeled for ambient atmosphere (considered inert) and 

1 bar system pressure (Figure 44). The partial pressures of the relatively abundant P-

carriers PO2, PO, P2O5, P2O3, listed in order of their occurrence at 1100°C, all remain be-

low 10-8 bar. Gaseous Ca and CaO both occur in negligible amounts with vapor pressures 

below 10-21 bar. As the slowest reactions are rate-determining, the lowest partial pressure 

of all relevant volatile species, i.e. that calculated for Ca, and the lowest volume diffusion 

coefficients, i.e. those of PO4
3- with                      and          

            (at 1700K)275 need to be taken into account for an estimation of the relative 

importance of material transport via the vapor phase and through the sample volume. 

Putting these values into the above equation, the neck growth rate due to vapor transport 
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turns out to be smaller by a factor of 10-16, as compared to volume diffusion. Therefore, 

no substantial contribution of evaporation – condensation to mass transport would be 

expected during free sintering. However, as demonstrated below, there is a discrepancy 

between our theoretical calculations and experiments demanding further explanation: 

Vapor transport sintering was successfully carried out even for systems with calculated 

minimum partial pressures as low as >10-9 bar for POCl3 in the system β-TCP-H2O-HCl at 

50 bar (Figure 49d). To reconcile these findings, we propose that vapor transport sinter-

ing is driven by the phase conversion from β-TCP into more stable Cl- or Br-apatite, de-

pending on the halide reagent used. Volatile species in equilibrium with β-TCP are con-

stantly removed from the sintering atmosphere by apatite condensation and β-TCP con-

stantly evaporates to sustain this equilibrium. Therefore, much more material is mobilized 

than is indicated by the low values calculated for the relevant species. 

 

 

Figure 44: Partial pressures of volatile species in equilibrium with TCP. Whereas oxi-

dized phosphorus is relatively abundant within the sintering atmosphere, the partial 

pressure of calcium is negligible at 1100°C. 

 

6.3.2. Equilibrium Partial Pressures of the Sintering Agents 

At 1100°C, i.e. the standard holding temperature of our sintering experiments, halide acid 

reagents are exclusively present in the gaseous state. Our calculations confirm the high 

availability of reactive halides over a broad temperature range, as exemplified for hydro-

chloric acid (Figure 45). Regarding halide sintering additives that are solid at room tem-

perature and liquid under sintering conditions, our calculations showed that all possess 
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relevant partial pressures in the sintering atmosphere, with values of >10-4 bar for CaCl2, 

and>10-2 bar for both MgCl2 and AgCl (Figure 46; c.f. Appendix). Thus, they are available 

to form volatile species by reaction with the calcium phosphate ceramic. 

 

 

Figure 45: Equilibrium partial pressures of hydrochloric acid (37 %) and derived gase-

ous species at 1 bar system pressure. 

 

 

Figure 46: Partial pressures of volatile species in equilibrium with AgCl at 1 bar system 

pressure. 
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6.3.3. Equilibrium Partial Pressures for Vapor Transport 

Sintering Systems 

From calculations of the partial pressures of volatile species in the system TCP-H2O-HCl, it 

can be derived that Ca2+ is mobilized by the formation of CaCl2 (Figure 49c, d). The same 

reaction was confirmed by calculations for most other sintering agents, with few excep-

tions: the presence of HI causes the analogous formation of CaI2, whereas Ca(OH)2 is the 

most abundant Ca-carrier in equilibrium with HBr and H2O (c.f. Appendix). In all systems 

in which Cl-containing sintering agents are involved, Ca2+ is transported in conjunction 

with the halide. This offers a convincing explanation for the formation of Cl-apatite during 

vapor transport sintering, as determined with XRD (c.f. 4.3.1.1, 5.3.1.2), although it is 

reportedly less stable than HA at sintering temperature.11 Phosphorus may be mobilized in 

its elemental or oxidized state, with PO and PO2 as the most abundant P-carrying com-

pounds. However, our calculations do not give an indication why the sintering process is 

retarded in HI atmosphere regarding both densification and coarsening, as observed ex-

perimentally. Comparatively high partial pressures of all relevant species are formed (c.f. 

Appendix, Figure 52b). As discussed in section 4.3.3, the conversion into an apatite phase 

is effectively impaired by the large ionic radius of I-. 

Although it may be inconvenient with regard to experimental handling, HCl can be intro-

duced into the system as a gas, facilitating vapor transport sintering, as demonstrated by 

Readey et al. for various metal oxides.222 The partial pressure of CaCl2 in the system in-

creases along with overall pressure, reaching high values of >10-5 for 1 bar and >10-4 bar 

for 50 bar system pressure. Partial pressures for P-carrying POCl3 are slightly lower, at 

>10-6 bar for both 1 and 50 bar at 1100°C.  

Similarly, when introducing HCl into the system as hydrochloric acid (37 wt% HCl), ce-

ramic samples are severely attacked when brought in direct contact (Figure 47).276 How-

ever, vapor transport sintering is possible. Increasing partial pressures result for both 

CaCl2 and the P-carrier, in this case PO2 or POCl3, if the system pressure rises from 1 bar 

to 50 bar. The latter case is more realistic, as the presence of supercritical halide acid 

increases the internal pressure of the reaction vessel to values on the order of 50 bar. 

However, at 1100°C, partial pressures for CaCl2 are comparatively low at >10-9 and >10-7 

bar, for 1 and 50 bar system pressure, respectively. For the P-carrier, pressures of >10-10 

and >10-9 bar result, respectively, again rising along with total system pressure.  
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Figure 47: SEM image of a BCP ceramic after sintering at 1100°C for 6 h in hydrochlo-

ric acid (37 %). When brought into direct contact, the acid locally dissolves the ceram-

ic, thereby creating macroporous channels. 

 

Assessing the effect of pure H2O on the sintering system, it is notable that the availability 

of Ca in the vapor phase is again raised relative to free sintering. Calcium mobilization 

occurs via the formation of Ca(OH)2 in moderate amounts of >10-14 bar, whereas the par-

tial pressure of PO2 is actually lowered to >10-10 bar. Sintering experiments in H2O-

atmosphere were unsuccessful for both HA and β-TCP. With regard to HA, microstructural 

development was impeded by exaggerated grain growth, as commonly observed for this 

precursor material (Figure 24). By contrast, no vapor transport-mediated neck growth was 

observed after 2 h of sintering for β-TCP samples (Figure 48). Considering that XRD anal-

yses showed β-TCP to remain fully stable upon sintering in H2O (Figure 13b), the crucial 

role of phase conversions for vapor transport is again confirmed.  

 

 

Figure 48: SEM images of β-TCP ceramics sintered at 1100°C for 2 h in 

(a) hydrochloric acid and (b) water vapor. 
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Comparing the results obtained for the solid chloride agents††† – MgCl2, CaCl2 and AgCl –

notable differences in the resulting partial pressures of both CaCl2 and P-carrying PO, PO2 

or POCl3 occur. Particularly favorable conditions for vapor transport are provided by the 

MgCl2 agent, with>10-3 bar CaCl2 and>10-7 bar PO at 1 bar system pressure. Thus, MgCl2 

has a theoretical capability for Ca mobilization even surpassing that of the highly corrosive 

HCl gas.‡‡‡ It is followed by the CaCl2 additive (>10-4 bar CaCl2; >10-12 bar PO) and by 

AgCl (>10-8 bar CaCl2; >10-9 bar PO2). This is in good agreement with the sintering exper-

iments conducted (c.f. 4.3.2.1, Figure 21c, d). For all solid chlorides, an increase in sys-

tem pressure from 1 bar to 50 bar has a positive effect on both Ca and P availability in 

the sintering atmosphere (c.f. Appendix). As confirmed by the sintering experiments, all 

three additives facilitate vapor transport in significant amounts. Thus, they provide easy-

to-handle alternatives to both halide acids and gases. 

 

                                           
††† Additional diagrams for AgBr and AgI are included in the Appendix. 
‡‡‡ It should be noted that Mg-substitution in β-TCP has a stabilizing effect, thus impeding HA for-

mation (c.f. 5.3.1). 
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Figure 49: Partial pressures for volatile species in equilibrium with TCP and HCl gas at 

(a) 1 bar and (b) 50 bar; TCP and hydrochloric acid at (c) 1 bar and (d) 50 bar; TCP 

and water vapor (e) at 1 bar and (f) 50 bar. 
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6.4. Chapter Conclusion 

The thermodynamic calculations performed provide a theoretical confirmation of the fea-

sibility of vapor transport sintering of β-TCP ceramics in the presence of various halide 

reagents. Generally, increasing both system temperature and pressure correlates positive-

ly with the partial pressures of all relevant compounds in the vapor phase. As the rate-

determining species during free sintering, calcium is mobilized in the form of CaCl2, CaI2 

or Ca(OH)2 using HCl gas, halide acids or easy-to-handle solid chlorides.  

Although the values for the equilibrium partial pressures calculated would be too low for 

vapor transport to exert a significant influence on particle coarsening, material transport 

proceeds, because volatile species are constantly removed from the atmosphere due to 

Cl- or Br-apatite condensation. Vapor transport sintering of calcium phosphates is driven 

by this phase conversion from TCP into an apatite phase. Although the presence of H2O 

increases Ca availability via the formation of Ca(OH)2, the driving force – in this case, 

phase conversion into HA – is lacking and no substantial vapor transport takes place. Un-

fortunately, it is beyond the current scope of the thermodynamical databases available to 

take account of the apatite phases. 
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7. Conclusion and Outlook 

Vapor transport sintering (VTS) of calcium phosphates was successfully applied to pro-

duce porous ceramic scaffolds. For the first time, it could be shown that during sintering 

the presence of a reactive halide atmosphere enhances vapor transport of calcium phos-

phates resulting in the simultaneous coarsening of pores and grains for most additives 

tested, i.e. halide acids (HCl, HBr), as well as solid chlorides (CaCl2, MgCl2 and AgCl). The 

VTS processing route yields ceramic scaffolds with fully interconnected porosity and facili-

tates the near-net-shape manufacturing of custom-made ceramics, as the process is near-

ly shrinkage-free. 

Depending on the precursor material, either a substitutional reaction (hydroxyapatite, 

HA), or a phase conversion (β-tricalcium phosphate, β-TCP) takes place during vapor 

transport sintering, as summarized for Cl-agent atmospheres in Table 4. However, substi-

tution of Ca2+ with Mg2+ in precursor β-TCP stabilizes the phase at the expense of HA.  

The phase conversion of β-TCP to apatite, triggered by Cl- or Br-containing sintering 

agents, is crucial for coarsening during VTS. Grain growth proceeds by accretion of newly 

formed apatite on precursor grains and can be characterized as an Ostwald ripening pro-

cess. As the phase conversion can be influenced by limiting the Cl- or Br- supply, β-TCP 

and biphasic calcium phosphate (BCP) are both suitable starting materials for the fabrica-

tion of biphasic ceramics of adjustable phase composition. 

 

Table 4: Phase conversions occurring during vapor transport sintering in Cl-agent at-

mospheres. 

Precursor Process Product 

Hydroxyapatite Vapor transport sintering 

in Cl-agent atmosphere 

at 1100°C 

Cl-bearing hydroxyapatite 

β-tricalcium phosphate Cl-apatite (Ca-deficient) 

Mg-tricalcium phosphate Mg-tricalcium phosphate 

 

As pore coarsening stagnates after reaching diameters of about 5 µm, VTS needs to be 

combined with other production methods to meet the requirements for bone graft appli-

cations in terms of pore geometry. Thus, the combination of two processing steps − hy-

drothermal conversion of biogenic carbonate scaffolds, followed by vapor transport sinter-

ing in AgCl atmosphere − was investigated further. Whereas hydrothermal conversion is a 

commercially established process for the fabrication of calcium phosphate scaffolds, sin-
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tering in AgCl atmosphere offers additional benefits by causing the condensation of finely 

dispersed Ag-bearing particles on the scaffolds surface. It could be shown that Ag+ ions 

were immediately released upon immersion in aqueous solution which is the precondition 

for antibacterial action. Bacterial growth inhibition studies with these solutions, as well as 

zone of inhibition analyses on seeded agar plates, confirmed the antibacterial effect that 

Ag-modified ceramics have on both Gram-negative (Pseudomonas aeruginosa) and Gram-

positive strains (Staphyloccocus aureus). With regard to the reduction of post-surgical 

inflammation risks, this novel class of composite material has shown great potential.  

Thermodynamic calculations provided a better understanding of material transport 

through the vapor phase. During free sintering, the equilibrium partial pressures of the 

relevant volatile species are too low for evaporation and re-condensation to have signifi-

cant influence on the coarsening process. Due to chemical reactions between β-TCP and 

the halide agents, otherwise rate-determining calcium is successfully mobilized by the VTS 

method. As supported by complementary analytical methods, material transport through 

the vapor phase is further enhanced, because volatile species are constantly removed 

from the sintering atmosphere due to Cl- or Br-apatite condensation. These findings sup-

port our view that vapor transport sintering of calcium phosphates is driven by the phase 

conversion from β-TCP into apatite. Summing up, the VTS method offers high versatility 

for the fabrication of porous calcium phosphate scaffolds with fully interconnected porosi-

ty. Regarding bone graft applications, it can be combined with other processing tech-

niques to obtain adequate pore geometry.  

Future work may address some of the following issues: although the combination of hy-

drothermal conversion and VTS in AgCl atmosphere was successful in producing an anti-

bacterial composite on the laboratory scale, it seems worthwhile to devise a simplified 

synthesis route. Clinical studies with a focus on the interaction between the Ag-modified 

ceramic and bone-forming cells would be the next step towards application. Moreover, 

VTS may well find applications beyond its intended use for bone replacement. As the flex-

ible crystal structure of apatite minerals allows the incorporation of various toxic heavy 

metals, highly porous calcium phosphate ceramics might qualify for use in water purifica-

tion or soil amendment.277-279  
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9. Appendix: Equilibrium Partial Pressures for Various 

Vapor Transport Sintering Systems 
 

 

 

Figure 50: Equilibrium partial pressures over (a) tricalcium phosphate (free sintering 

condition), (b) CaCl2, (c) HClgas, (d) hydrochloric acid (37%); the system pressure is 

1 bar. Continued on next page. 
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Figure 50 (cont’d): Partial pressures over (e) MgCl2, (f) AgCl, (g) AgBr and (h) AgI; 

the system pressure is 1 bar. 
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Figure 51: Partial pressures for the sintering system TCP−HClgas at system pressures of 

(a) 1 bar and (b) 50 bar; for TCP−hydrochloric acid (37%) at (c) 1 bar and (d) 50 bar. 
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Figure 52: Partial pressures for the sintering systems (a) TCP−bromide acid (47%), 

(b) TCP-iodine acid (57%), both at 1 bar system pressure; for TCP−H2O at system 

pressures of (c) 1 bar and (d) 50 bar. 
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Figure 53: Partial pressures for the sintering systems TCP−AgCl at system pressures of 

(a) 1 bar, (b) 50 bar; (c) for TCP−AgBr and (d) TCP−AgI, both at 1 bar system pres-

sure. 
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Figure 54: Partial pressures for the sintering system TCP−CaCl2 at (a) 1 bar and 

(b) 50 bar; for TCP−MgCl2 at (c) 1 bar and (d) 50 bar. 
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